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Abstract

The aim of this work is to improve the understanding of the reaction to form
titanium carbide (TiC) during the high-energy milling of titanium and carbon powder
mixtures because a more thorough understanding of this reaction is required if high-energy
milling is to be developed as a commercially viable process for the production of TiC
and/or TiC-Ti powders. Titanium and activated carbon powder mixtures with compositions
of Ti100-xCx (x = 50, 40, 30) were milled under a helium atmosphere using a magneto ball
mill. For Ti50C50 and Ti60C40 powder mixtures milled in the higher milling energy impact
mode, the combined results of external mill temperature monitoring and X-ray
diffractometry indicated that, after a specific milling period of tig, TiC was formed rapidly
via a highly exothermic mechanically-induced reaction. However, contrary to the current
understanding of mechanically-induced self-propagating reactions, Raman spectroscopy
clearly showed the formation of non-stoichiometric TiC in Ti50C50 and Ti60C40 powders
prior to tig. This result has not been reported in previous studies that used only XRD
analysis to characterise the as-milled powders.

It is now thought that a significant

component of the heat generated at tig may be due to a combination of rapid grain growth
and/or recrystallisation of the pre-existing TiC, rather than the direct formation of TiC.
When milling Ti70C30 in impact mode, the reaction to form TiC proceeded gradually as
milling progressed. It was found that, when milling powder mixtures with compositions of
Ti100-xCx (x = 50, 40, 30) in the lower milling energy shearing mode, TiC was formed
gradually as milling progressed.

It was also found that, for the starting powder

compositions investigated in this study, increasing the carbon content of the titanium and
activated carbon starting powder mixture results in a slowing of the milling process. This
slowing of the milling process is thought to be due to the volume of powder in the milling
vial increasing as the carbon content is increased. This would have a similar effect to
decreasing the ball to powder weight ratio, which is known to slow the milling process.
This study also revealed that moisture adsorbed by the activated carbon starting powder
could prevent, or at least delay, the reaction to form TiC during controlled ball milling. It is
thought that the moisture adsorbed by the activated carbon may result in the formation of
xi

an oxide layer on the newly created titanium surfaces produced during milling, which
prevents the reaction to form TiC. The above results demonstrate that controlled ball
milling of titanium and carbon powder mixtures using a magneto ball mill can be used to
produce nanocrystalline TiC and TiC-Ti powders. Such powders could be used for the
synthesis of high-performance TiC reinforced titanium matrix materials.
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1. Introduction
Titanium carbide (TiC) is a material of commercial interest because it possesses a
range of desirable properties. It is extremely hard; being one of the hardest known metal
carbides [1].

TiC exhibits excellent thermal stability and has a very high melting

temperature of approximately 3100°C [2-6]. It also displays relatively high thermal and
electrical conductivity. Good thermal conductivity results in low temperature gradients,
which reduces thermal stresses and cracking, making it suitable for high speed cutting tool
applications [7, 8]. Good electrical conductivity makes it suitable for electrical discharge
machining, which helps overcome the problem of shaping such a hard material [7]. TiC
has a low density, which is desirable for applications that demand lightweight materials. It
also exhibits excellent chemical stability, which is important for cutting tool applications,
as chemical stability reduces the type of chemical interaction between the cutting tool and
the workpiece which typically results in crater wear [9, 10].
This combination of very high hardness, high melting temperature and excellent
thermal and chemical stability makes TiC suited to a number of commercial applications.
TiC is often used in abrasives, cutting tools, grinding wheels and coated cutting tips [2-6].
TiC is also used as a hardening phase in superalloys [5].
However, one of the disadvantages of using TiC for commercial applications is that
it is difficult to produce. The production of TiC is currently energy intensive and requires
expensive high temperature equipment. For instance, current production methods involve
reactions carried out at temperatures well above the melting point of titanium (1670°C).
These high temperature production processes include carbothermal reduction of titanium
dioxide, carburisation of titanium by heating in the vapour of a suitable hydrocarbon and
the direct reaction of titanium with carbon [1, 3-6, 10, 11].
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It has been shown recently that TiC powder can be produced during the high-energy
milling of titanium and carbon powders [1, 3-6, 12-17]. High-energy milling has a number
of potential advantages compared to the existing processes used to commercially produce
TiC. High-energy milling is performed at room temperature, so there is no need for
expensive high temperature reaction equipment; which could result in significant capital
expenditure savings. This synthesis method can also be easily scaled up to commercial
capacities. Current high-energy milling production units, used for the production of oxide
dispersion strengthened (ODS) superalloys, process 1 ton of powder in a 2m diameter mill
which contains more than 1 million balls weighing approximately 10 tons [18]. Another
advantage of this synthesis method is that the final product is a fine, homogeneous
nanocrystalline powder, which can then be easily shaped and consolidated using
conventional powder metallurgy processes. Such nanocrystalline materials have attracted
much interest recently as advanced engineering materials due to their unique, improved
physical and mechanical properties [3, 6, 19-21].
Another potential application for TiC is as the reinforcing phase in metal matrix
composites (MMCs). The high-energy milling of titanium and carbon powders could
potentially be used for the in-situ synthesis of TiC-Ti powders for the production of TiC
reinforced titanium matrix composite materials. High-energy milling is ideally suited to
produce such a material, as it was originally developed to produce a fine dispersion of hard
reinforcing particles in a homogeneous matrix material [22, 23]. In-situ particle reinforced
composites are particularly attractive as advanced engineering materials, because the in-situ
formed reinforcing phase is directly bonded with the matrix, resulting in excellent transfer
of stress between the matrix and the hard reinforcing phase [24]. Thus, a TiC-Ti MMC
produced in-situ by high-energy milling would be expected to exhibit superior mechanical
properties compared to similar MMCs produced by conventional methods because the
material could potentially be nanocrystalline, with a dispersion of fine in-situ TiC
reinforcing particles directly bonded with the titanium matrix [24, 25].

2

The aim of this work is to gain a better understanding of the reaction to form TiC
during the high-energy milling of titanium and carbon powders. Particular attention will be
paid to the milling of titanium rich compositions; so as to assess the potential of using highenergy milling for the in-situ synthesis of TiC-Ti powders for the production of TiC
reinforced titanium matrix composite materials.

This study will perform high-energy

milling using a magneto ball mill because this milling device allows greater control over
the forces experienced by the powder during milling than many other milling devices.
Controlled ball milling using a magneto ball mill provides the ability to control and alter
the milling conditions and this will hopefully lead to a better understanding of the reaction
to form TiC during milling. This investigation will also examine the feasibility of using
Raman spectroscopy as an experimental tool for following the progress of the reaction to
form TiC during milling. The results of this work may also contribute to the fundamental
understanding of carbide synthesis reactions during high-energy milling, which may be
applicable to the synthesis of other important metal carbides, such as V4C3, NbC and TaC.
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2. Literature Review
2.1 High-Energy Milling
John Benjamin and his colleagues at the Paul D. Merica Research Laboratory of the
International Nickel Company (INCO) wanted to produce a material for use in jet engine
turbine blades that combined the intermediate temperature strength of γ′ precipitation
hardened nickel-based superalloys with the high temperature strength and stability of oxide
dispersion strengthening.

Such a material could not be produced using conventional

processing techniques. Their research lead to a new process that used a high-energy attritor
grinding mill designed for paint and ink production to process powders of nickel,
chromium and a Ni-Al-Ti master alloy with dispersoid powders of thorium oxide and
yttrium oxide to produce oxide-dispersion strengthened (ODS) superalloys [22, 23].
This new high-energy milling process differed from conventional ball milling,
which is used for mixing or comminution. During mixing the particle size, shape and
composition is unaltered. When using a ball mill for comminution, the particle size is
reduced by fracture, without any change in particle composition or significant plastic
deformation of the particles. However, the high-energy milling process developed by John
Benjamin, which he called “mechanical alloying”, not only resulted in particle fracture but
also heavy plastic deformation and welding [22, 23].

Thus, high-energy milling, or

mechanical alloying as it was described by Benjamin, differs from conventional ball
milling in that the kinetic energy of the grinding media is sufficiently high to cause plastic
deformation and welding of the powder particles.
Benjamin first described how high-energy milling of powders of nickel, chromium
and a Ni-Al-Ti master alloy with dispersoid powders of thorium oxide and yttrium oxide
produced homogeneous composite powder particles [22]. Subsequent work by Benjamin’s
colleagues investigated the high-energy milling of a mixture of nickel and chromium. They
reported that after high-energy milling “the two metals were now intimately mixed on an
atomic level” and that they had “formed a true solid solution rather than a mixture of fine
fragments” [23]. McDermott and Koch later studied the high-energy milling of a mixture
4

of copper and zinc powders [26]. Analysis of the powder after high-energy milling using
XRD, TEM and DSC indicated that ordered beta brass had been formed. Therefore, highenergy milling can be used to produce homogeneous alloy powders from a mixture of
different starting powders.
Since initially being developed to produce homogeneous alloy powders with fine
microstructures from a mixture of powder precursors in a process described by Benjamin as
mechanical alloying, high-energy milling has been used for a number of different
applications, including the production of amorphous powders and to mechanically induce
chemical reactions. Because this work deals with more than simply using high-energy
milling to produce homogeneous alloy powders from a mixture of different starting
powders, the process will be referred to as “high-energy milling, or simply “milling”, rather
than mechanical alloying from here on.

2.2 Mechanisms of High-Energy Milling
John Benjamin first described high-energy milling, which he called mechanical
alloying (MA), in 1970 [22]. He described how a high-energy attritor grinding mill,
designed for paint and ink production, was used to process powders of nickel, chromium
and a Ni-Al-Ti master alloy with dispersoid powders of thorium oxide and yttrium oxide to
produce homogeneous composite powder particles. These powders were then hot
consolidated to produce a γ′ hardened oxide-dispersion strengthened (ODS) superalloy. In
this first paper he touched only briefly on the actual mechanisms of high-energy milling,
which he described as involving the “recurrent cold welding of constituents to the ball
surfaces and flaking off of the composite aggregates until all of the constituents are finely
divided and uniformly distributed through the interior of each powder particle.” [22]
In 1972, having more thoroughly investigated the process he called mechanical
alloying, Benjamin attempted to describe the mechanisms of high-energy milling in more
detail [23]. He stated that the powder particles are repeatedly flattened, fractured and
rewelded during milling. Benjamin explained that powder particles are trapped between
colliding milling balls and that the energy of these collisions is sufficient to deform the
5

particles and create atomically clean new surfaces that can weld together when they come
into contact.
He then described how during the early stages of milling the powders are softer and
tend to weld together into larger particles. This leads to a broad range of particle sizes, with
some being two to three times larger in diameter than the original powder particles. The
powder particles become harder and less able to withstand deformation without fracturing
as milling continues. The larger particles are more likely to contain flaws and fracture
when trapped between colliding milling balls, which then leads to a reduction in the
average particle size with further processing. Eventually the tendency to weld and the
tendency to fracture reach a steady state and the size of the powder particles becomes
constant within a narrow distribution. Benjamin observed that the composite particles
formed by the welding of smaller particles have a characteristic layered structure. He noted
that the structure of the particles is steadily refined, even after the particle size has become
constant, until the layers in the particles cannot be resolved by light microscopy [23].
Benjamin’s early work lead to high-energy milling being applied to an astounding
range of materials, using a range of different high-energy milling apparatus. Subsequent
studies followed the structural refinement of the powder particles beyond Benjamin’s
original light microscopy, using XRD and TEM, to reveal that extremely fine grain sizes in
the order of 10 nanometers could be achieved and that in some cases amorphous materials
could be produced [27-30]. However, any attempt to describe the fundamental mechanisms
of high-energy milling, such as how these fine grain structures are achieved or how true
alloying occurred, rarely went beyond Benjamin’s original description of high-energy
milling being a process of repeated deformation, fracture and rewelding of powder particles
as they are repeatedly trapped between colliding milling media, which leads to the
homogenisation and structural refinement of the particles.
In 1989 Hellstern et al reported a TEM investigation that described a possible
mechanism for grain structure refinement during high-energy milling [28, 29, 31, 32]. The
high strain rates experienced during high-energy milling result in the deformation initially
being localized in shear bands, which consist of a dense network of dislocations. With
further milling the dislocation density within these shear bands increases until these
6

dislocations annihilate and recombine to form low-angle grain boundaries. The subgrains
formed in this stage are nanometric in scale. During continued milling, shear bands form in
previously unstrained parts of the material. The size of the subgrains in existing shear
bands continues to be refined and the orientations of these grains with respect to their
neighbouring grains become completely random, possibly via grain boundary sliding, to
form a nanocrystalline material.
One proposed mechanism for the homogenisation at the atomic level during highenergy milling is that localised melting occurs in the powder trapped between colliding
milling media. In 1996, Gerasimov and Boldyrev examined three binary metallic systems
to demonstrate that homogenisation during high-energy milling occurred as a result of
localised melting [33]. They first examined the Ag-Cu system, which is a simple eutectic
system with slight mutual solid solubility, and postulated that if homogenisation during
high-energy milling occurs via melting then the solid solution first formed should have a
eutectic composition. They concluded from their XRD results that this was indeed the
case; suggesting that for this system, homogenisation during high-energy milling may be
the result of localised melting. It should be noted that the eutectic temperature for Ag-Cu is
approximately 780°C [34]. Gerasimov and Boldyrev then turned their attention to the GeAl system [33]. They found that the XRD pattern for their Al70Ge30 powder after highenergy milling was “similar” to that for metastable phases produced by quenching of Ge-Al
melts as reported in literature. They use this as evidence that these metastable phases
formed as a result of melting during milling, despite producing a DSC trace for their
powder that contained only one exothermic peak whilst that of the quenched material with
the similar XRD pattern exhibited three exothermic peaks. The third system examined was
Fe-Sn. When milling the FeSn intermetallic, which initially exhibits no ferromagnetic
property, it was observed that the powder became ferromagnetic after milling. They then
note that these samples completely lose their ferromagnetic properties after heating above
400°C. This completely contradicts their subsequent attempts to explain these results being
due to melting during milling, because melting would involve heating the powder above
400°C, which would result in a complete loss of ferromagnetism.
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Whilst it is generally accepted that the powder trapped between colliding milling
media can experience a localised temperature increase, the theory that homogenisation may
occur as a result of localised melting during high-energy milling has largely been
discounted. The extent of the local temperature increase during the collision of milling
media is the subject of much conjecture and as such is the subject of a separate discussion
(see 2.3 Local Temperature Effects During High-Energy Milling).
It is generally thought that homogenisation during high-energy milling occurs
because a number of conditions that allow solid state reactions to occur at relatively low
temperatures are achieved simultaneously during high-energy milling [18]. Firstly, an
extremely large reaction interfacial area is produced as a result of the microstructural
refinement that arises from the process of repeated deformation, fracture and rewelding of
powder particles during milling. This interfacial area actually increases during milling as
the crystallite size is refined. The same process dynamically maintains the interfacial area
during milling, as particles are continually fractured and rewelded, bringing unreacted
components into intimate contact [18]. The heavy plastic deformation experienced by the
powder particles during milling introduces a high density of crystal defects such as
dislocations, vacancies, stacking faults and an increased number of grain boundaries [18,
35]. This defect structure results in an increased rate of diffusion in milled powders. The
local temperature increase resulting from collisions between milling media would further
assist diffusion behaviour [35].
Thus, one school of thought is that homogenisation occurs during high-energy
milling because a number of conditions are simultaneously achieved that allow
homogenisation to take place via solid state diffusion. These conditions include a very large
dynamically maintained reaction interfacial area which ensures unreacted material is
continually brought into intimate contact, combined with enhanced diffusion rates arising
from a high density of crystal defects and a slight temperature increase during milling
media collisions [18, 35].
However, some recent studies have begun to question whether solid state diffusion
plays any significant role in the process of high-energy milling. Cocco et al examined the
high-energy milling process on a quantitative basis, as a function of processing parameters
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[36].

They concluded that diffusion plays only a minor role in high-energy milling

processes, involving only short-range atomic rearrangements and relaxation phenomena.
Shtremel also queried the significance of diffusion during high-energy milling [37].
Shtremel began by considering a number of binary metal systems where mutual solid
solubility is virtually absent under thermodynamic equilibrium and yet, in these systems,
homogeneous solid solutions can be produced from equiatomic mixtures of pure metals by
high-energy milling. Shtremel then noted that diffusion occurs in the direction that lowers
the free energy of the system; occurring in the direction of homogenisation in systems with
unlimited solubility and in the direction of layering in the absence of solubility in
thermodynamic equilibrium. Since homogeneous solid solutions can be produced by highenergy milling in systems with little or no mutual solid solubility, diffusion can not be the
principal mechanism of high-energy milling. Shtremel supports this claim with estimates
that suggest that diffusion during high-energy milling, even allowing for accelerated
diffusion due to crystal defects and localised heating, would “cause displacement of the
components by a distance not exceeding tens of interatomic distances.” The key point,
argued Shtremel, is that any diffusion during high-energy milling should accelerate the
homogenisation of the mixture in systems with unlimited solubility and decelerate it in the
absence of solubility at equilibrium. Shtremel could find no evidence of this difference in
the rates of high-energy milling. Finally, it was proposed that mixing by shear, or “shear
displacement”, is the principal mechanism of high-energy milling.
Thus, high-energy milling is a process of repeated deformation, fracture and
rewelding of powder particles as they are repeatedly trapped between colliding milling
media, which leads to the homogenisation and structural refinement of the particles.
However, the precise mechanisms by which this homogenisation and structural refinement
takes place are not fully understood. Some researchers argue that the mechanism is purely
diffusional, whilst at the other end of the spectrum, others argue that diffusion plays little or
no role in the processes of high-energy milling. Delogu and Cocco suggest these two
viewpoints probably represent extreme cases, with an intermediate range of high-energy
milling behaviours existing for systems consisting of different materials and milling
conditions [38]. After all, considering the myriad combinations of materials and apparatus
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that have been used for high-energy milling, a universal mechanism is unlikely to describe
all high-energy milling systems.

2.3 Local Temperature Effects During High-Energy Milling
One of the important parameters that effects the mechanisms of high-energy milling
is the local temperature experienced by the powder when trapped between the milling
media during a collision (either a collision between two balls or a ball and the milling vial).
This temperature increase has been linked to enhanced diffusion rates [35, 39, 40],
recrystalisation of amorphous powders [35, 41] and the ignition of self-sustaining hightemperature reactions [12] during milling. It is widely agreed that the collisions between
milling media result in an increase in the local temperature experienced by the powder
trapped between the milling media during the collision. However, the dynamic nature of
high-energy milling has prevented this local temperature from being measured directly,
leading to many attempts to calculate this temperature from models of the milling process
or to estimate it from observations of the products of the high-energy milling of a number
of systems. These calculations and estimates have produced a range of results. This
section reviews some of the research undertaken to determine the local temperature
increase (∆T) experienced by powder trapped between colliding milling media.
Schwarz and Koch investigated the high-energy milling of the Ni-Ti and Ni-Nb
systems to produce amorphous powders [42]. The temperature increase experienced by the
powder particles as a result of localised heating due to plastic shear during a collision was
calculated. Assuming the relative velocity of the milling media before impact was 2ms-1, a
value of ∆T = 38°C was obtained for both alloys. It was also noted that the time between
successive ball collisions was sufficient for the temperature of the heated powder to return
to that of the bulk powder between collisions.
Davis et al used a number of methods to estimate the local temperature increase
during high-energy milling [40]. Fe-C martensite was milled and the transformation of
martensite to cementite during milling was used to estimate the temperatures reached
during milling. This analysis suggested that the milled martensite reached temperatures of
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265 to 277°C. However, milling of martensite carried out with cooling of the mill by liquid
nitrogen demonstrated that the effect of high-energy milling on the transformation of
martensite to cementite is more complicated than simply heating.

Therefore the

temperatures given above indicate an upper limit to the temperatures the powders can attain
during milling.
In the same study, milled bismuth powder, with a melting temperature of 271°C,
was examined using SEM for the existence of surface morphology that indicated local
melting had occurred during milling. No such morphology was observed, which suggests
that when milling bismuth, the local temperature does not exceed 271°C.
Davis et al also produced a computer model to describe the kinetics of a SPEX ball
mill [40]. This model calculated that the preimpact velocity of the ball can reach 18.7 ms-1.
Repeating the calculations of Schwarz and Koch [42], using this higher value of relative
velocity, raised the calculated local temperature increase (∆T) to almost 350°C. However,
the model also calculated that only 0.4% of the collisions during milling would produce this
maximum ∆T and only 1.1% of all impacts would have the capability of producing ∆T
values between 112 and 350°C.
Eckert et al prepared amorphous Ni-Zr powders by milling the elemental powders
[41].

It was found that by increasing the milling intensity, crystalline powders were

produced for compositions where amorphous powders were produced at the lower milling
intensity. The ∆T values for the two different milling intensities were calculated using the
procedure outlined by Schwarz and Koch [42] to give values of 167°C and 287°C. It was
concluded that the formation of crystalline powder at the higher milling intensity was a
result of the higher local temperature increase, which raised the powder temperature above
its crystallization temperature.
Schulz et al studied the interdiffusion of Ni into Zr during the high-energy milling
of Ni-Zr to produce amorphous powders [43]. Using a model of the interdiffusion process
an effective local temperature of 180 °C was estimated.
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The local peak temperature was estimated by Tonejc et al from the observation of
oxide formation during the milling of antimony in air [44, 45]. It was observed that milling
antimony in air resulted in the formation of the high-temperature orthorhombic Sb2O3
phase, which is stable above 570 °C but decomposes to the low-temperature cubic Sb2O3
phase below 570 °C. It was concluded that the formation of the orthorhombic phase
indicated that the local peak temperature had exceeded 570 °C. However, this conclusion
fails to take into account other nonthermal effects, such as plastic deformation, that may be
enhancing the formation of the orthorhombic phase. As Davis et al [40] observed; the
effects of high-energy milling are more complicated than simply heating.
Schaffer and McCormick examined the reaction between CuO and Fe during highenergy milling [46, 47]. They found that, under certain conditions, the powder exhibited
combustion reactions after milling for a critical time, tig. DTA analysis of powder milled
for durations less than tig showed that the onset of combustion occurred at the ignition
temperature Tig. They found that Tig decreased with increasing milling time and that Tig
approached 180°C as the milling time approached tig. Schaffer and McCormick reasoned
that; “combustion during milling occurs when the ignition temperature of the powder is
reduced by milling to the value of the temperature attained by the particles during
collisions.”

Therefore, the minimum Tig of 180°C, determined by DTA, provides an

estimate of the local powder temperatures reached during milling.
Bhattacharya and Arzt estimated the local contact temperature during high-energy
milling by modelling the collision of milling balls [48]. This model gives a range of values
from 223 to 1187 °C for milling of niobium with relative ball velocities of 6 – 8 ms-1
depending on assumptions made regarding the fraction of impact energy expended in
plastic deformation. This study also calculated that the time required for the powder to cool
down to within 1 °C of its initial ambient temperature is less than the time between
successive collisions.
Magini and Iasonna estimated the energy transferred per impact during high-energy
milling [49]. From these calculations it was estimated that the local temperature increase
during mechanical alloying of Pd-Si was between 50°C and 350°C, depending on milling
conditions.
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Calka et al milled three different systems under mainly shearing conditions to
estimate the local temperature increase [50]. In the first, titanium was milled with boron at
room temperature, 100°C and 200°C. TiB2 was formed when milling was performed at
200°C but not at the lower milling temperatures. DSC analysis of the powder milled at
100°C showed that it transformed to TiB2 at 667°C. Therefore the local temperature of the
powder does not exceed 667°C when milled at 100°C but does exceed this temperature
when milled at 200°C. Thus the local temperature increase (∆T) during milling of Ti with
B is between 467°C and 567°C.
Calka et al then milled iron in ammonia at both room temperature and 100°C [50].
In these experiments, Fe3N was formed during room temperature milling but not at 100°C.
DTA of the powder milled at room temperature indicated that the Fe3N decomposes at
475°C. These results suggest that, for the milling of iron in ammonia, ∆T is less than
450°C (assuming room temperature is 25 °C).
The third system investigated by Calka et al was the Mg-Zn system [50]. In these
experiments Mg and Zn were milled in the ratio Mg70Zn30 at.%, at temperatures of -190°C,
room temperature and 100°C. XRD analysis indicated that the powder milled at -190°C
was nanostructural, whilst that milled at room temperature was crystalline and partly
nanostructural and that milled at 100°C displayed sharp crystalline XRD peaks. It was
concluded that since amorphous powder was not formed at -190°C, the local temperature
must exceed the crystallisation temperature of Mg70Zn30, which was given as 88°C. This
suggests that the minimum ∆T during the milling of Mg70Zn30 is 278°C.
Schaffer and Forrester investigated the effect of collision energy on the high-energy
milling of Ti-C to form TiC [12]. This involved milling titanium and carbon using milling
balls of the same diameter but different densities. The local temperature increase was
calculated using the method described by Schwarz and Koch [42] and was found to
increase from 264°C to 746°C with increasing ball density.
Ren et al [51] applied the calculations first used by Schwarz and Koch [42] to their
system involving the milling of TiO2 in an attritor mill. These calculations gave a local
temperature increase of 325°C.
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Thus, it is widely accepted that during high-energy milling the powder can
experience brief excursions to elevated temperatures when trapped between colliding
milling media. Due to the dynamic nature of high-energy milling this local temperature
increase has not yet been directly measured. Table 1 summarises the results of a number of
studies that attempted to estimate or calculate this temperature increase. The results given
in Table 1 show a range of values and indicate that the temperature increase depends on the
kinetic energy of the milling media and the properties of the powder being milled.
However, most of the above studies suggest that, for a range of milling conditions, the local
temperature increase (∆T) is of the order of 150°C to 350°C. Many of the investigations
also concluded that the time between successive impacts was sufficient for the temperature
of the trapped powder to return to that of the bulk powder between impacts. Thus, whilst
high-energy milling is considered a low temperature process, any attempt to describe the
mechanisms of high-energy milling must take into account the brief local temperature
increase experienced by powder trapped between colliding milling media, as it may effect
the structural changes in the powder.
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Table 2.1: Estimates of temperature increase during high-energy milling.

Study

System

Temperature Estimate

Davis et al 1988

Fe-C
Bismuth
Ni-Ti / Ni-Nb

T < 277°C
T < 271°C
∆T ≤ 350°C

Eckert et al 1988

Ni-Zr

∆T = 167°C (low intensity)
∆T = 287°C (high intensity)

Schulz et al 1989

Ni-Zr

T = 180°C

Tonejc et al 1991

Sb in air

T > 570°C

Scaffer & McCormick 1991

CuO-Fe

T = 180°C

Bhattacharya & Arzt 1992

Niobium

∆T = 223°C - 1187°C

Magini & Iasonna 1995

Pd-Si

∆T = 50°C - 350°C

Calka et al 1996

Ti-B
Fe in ammonia
Mg-Zn

∆T = 467°C - 567°C
∆T < 450°C
∆T > 278°C

Schaffer & Forrester 1997

Ti-C

∆T = 264°C – 746°C

Ren et al 2000

TiO2

∆T = 325°C

Notes: ∆T = local temperature increase due to collisions; T = actual temperature reached by
powder during milling.
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2.4 Reactive Milling
Since Benjamin’s early work to develop high-energy milling as a means to
manufacture ODS superalloys it has been found that high-energy milling can also be used
to mechanically induce chemical reactions; in a process referred to as reactive milling or
mechanochemical synthesis. Tschakarov et al were among the first to report that highenergy milling could be used for reactive milling [52]. They used reactive milling to
produce a number of different metal chalcogenides. The reactions studied by Tschakarov et
al were:

xM + yN → MxNy
where M = Cu, Ag, Zn, Cd, In, Tl, Ge, Sn, Pb, As, Bi and N = S, Se, Te.
Other early investigations into reactive milling studied displacement reactions of the type:
MxO + yR → xM + RyO
where a metal oxide (MxO) is reduced by a more reactive metal (R) [46, 47, 53].
Reactions can occur during reactive milling that would normally require elevated
temperatures to proceed. It is thought that these reactions can take place during reactive
milling because the high-energy milling process simultaneously achieves a number of
conditions favourable for solid-state reactions to occur at low temperatures. As discussed
in the section on the mechanisms of high-energy milling, an extremely large reaction
interfacial area is produced as a result of the microstructural refinement that arises from the
milling process. This results in very short diffusion distances for reactions to occur [18].
The same process dynamically maintains the interfacial area during milling,
bringing unreacted components into intimate contact [18, 53]. This negates the effect of
reactants having to diffuse through product barriers. The progress of solid-state reactions is
further assisted by the high density of crystal defects introduced during milling that would
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act as diffusion short cuts [18, 35]. The diffusion behaviour would also be assisted by any
local temperature increase experienced by powder trapped between colliding milling media.
Researchers investigating reactive milling have found that the reactions during
milling can exhibit two very different types of reaction kinetics [12, 35, 46, 47, 52, 53].
The reaction can either proceed gradually, with the amount of reaction product gradually
increasing as milling progresses, or the reaction can occur suddenly, accompanied by a
release of heat that can be measured by a thermocouple attached to the mill. In the case of
the sudden reaction, XRD analysis detects no reaction product before the temperature rise,
and in most systems the reaction is found to have proceeded to completion immediately
after the temperature rise. These results indicate that the reaction proceeds via a selfpropagating combustion reaction. Such a combustion reaction was termed a mechanicallyinduced self-propagating reaction (MSR) by Yen et al [54]. The milling time at which the
temperature increase occurs, first described as the incubation time prior to combustion, is
referred to as the ignition time (tig) [46, 47, 53].

2.5 Mechanically-Induced Self-Propagating Reactions (MSR)
Tschakarov et al first reported explosive-like synthesis during high-energy milling
to produce metal chalcogenides in 1982 [52].

They observed that this phenomenon

occurred for the following systems:

xM + yN → MxNy
where M = Zn, Cd, In, Sn, Pb and N = S, Se, Te.
By measuring the temperature of the milling vial during milling they observed a
sudden temperature increase that corresponded to the formation of the metal chalcogenide.
Tschakarov et al concluded that this measured temperature increase was the result of an
explosive exothermic reaction.

It was reported that the milling duration prior to the

temperature increase varied for each of the different systems studied and ranged from 12
minutes for Pb + Se to 365 minutes for Zn + S [52].
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In 1989 and 1990 Schaffer and McCormick described how they reduced cupric
oxide to pure copper metal by milling cupric oxide with a variety of metallic reducing
agents [53, 55, 56]. CuO was milled with Al, Ca, Mg, Ti, Mn, Fe and Ni. A thermocouple
was attached to the outside of the milling vial to measure the vial temperature during
milling. Schaffer and McCormick reported that for all of the systems, except CuO/Ni, an
abrupt temperature increase was observed during milling.

XRD analysis of powder

removed from the vial immediately prior to the abrupt temperature increase revealed no
reaction product, whereas XRD analysis of powder immediately after the temperature
increase showed no reactant present. These XRD results indicated that the entire reaction
took place during the abrupt temperature increase. Schaffer and McCormick therefore
concluded that the abrupt temperature increase measured during milling was the result of a
sudden exothermic combustion reaction. They described the milling time until combustion
occurred as the incubation time prior to combustion (tig). It was observed that tig varied
from 167 seconds for CuO/Ti to 9205 seconds for CuO/Fe [53].
No combustion event was observed for the CuO/Ni system. Instead, Schaffer and
McCormick reported that XRD analysis showed the reaction progressed gradually, with the
amount of reaction product gradually increasing as milling progressed. They also found
that for systems where combustion occurred, the reaction could be made to progress
gradually without combustion occurring by using toluene as a process control agent [53].
Schaffer and McCormick suggested that the toluene acted as a diluent, preventing
uncontrolled heating of the powder, and so the reactions proceeded gradually rather than by
sudden combustion.
Schaffer and McCormick proposed that, for systems where the reduction reactions
took place via combustion, the combustion was a direct consequence of the increased
reactivity of the system during milling [53]. They argued that milling greatly increased the
reaction surface area by reducing the powder particles to nanometer-sized crystallites and
bringing them into intimate contact. The high defect densities induced in the powder
particles further increases reaction rates by providing short circuit diffusion paths. In
addition, the powder particles are also continually being fractured and rewelded, which
brings unreacted material into contact, thereby minimising the displacement effect of the
reaction. Schaffer and McCormick postulated that this combination of small crystallite
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size, high defect densities and removal of product from between the reactants causes the
material to be brought to a critical precombustion condition where ignition can occur.
In a later paper Schaffer and McCormick used differential thermal analysis (DTA)
to further study the CuO/Fe system [46]. They observed that powder sampled prior to tig
combusted during DTA. The temperature required for the onset of combustion during DTA
was termed Tig. Schaffer and McCormick reported that, for milling durations less than tig,
the combustion temperature (Tig) decreased as milling progressed. It was postulated that
for systems that exhibit combustion during milling, the ignition time (tig) is the milling time
required for Tig to decrease to a value equal to the temperature experienced by powder
trapped between colliding milling media. Systems where the reaction progresses gradually
during milling do not combust, they argue, because the combustion temperature (Tig) is not
reduced to the temperature experienced by the powder during collisions between milling
media.
Schaffer and McCormick then investigated the effects of the ball to powder mass
ratio (BPR) and ball mass on the milling kinetics for the CuO/Fe system [47]. By varying
the BPR they found that the ignition time (tig) decreased with increasing BPR and that the
rate of decrease of the combustion temperature (Tig) during milling increased with
increasing BPR. They also reported that the rate of decrease of crystallite size during
milling increased as the BPR increased.
In the same study Schaffer and McCormick used balls of different masses when
milling the CuO/Fe system [47]. They used three different sized balls: 8g/13mm diameter,
3g/9mm and 1g/6mm. For the 8g and 3g balls the BPR was 9 whilst a BPR of 3 was used
for the 1g balls. Schaffer and McCormick reported that combustion occurred when milling
with 8g balls. However, combustion did not occur when milling with the 3g or 1g balls.
Instead, the reaction progressed gradually with the amount of reaction product increasing
gradually as milling progressed. These results show that, for a system where combustion
can occur during milling, the milling conditions can be altered so that the reaction can be
made to progress gradually without combustion. The observation that, for the same BPR,
combustion will occur when milling with 8g balls but not when milling with 3g balls
suggests that a minimum collision energy is required to initiate the combustion reaction
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during milling, otherwise the reaction will proceed gradually without combustion taking
place.
Takacs investigated a number of systems where combustion occurs during milling
[14]. In this study several oxides were reduced with Ti, Zr and Hf and the borides,
carbides, silicides and sulfides of these three metals were prepared from elemental
mixtures. Takacs describes the process as consisting of an initial phase where milling
results in mechanical activation of the reactants. After a milling duration of tig, ignition
occurs and the reaction continues as a self-propagating high temperature synthesis. Takacs
reported that XRD analysis of samples taken shortly before ignition (tig) indicated very little
chemical change occurs prior to ignition. This work demonstrated that combustion during
milling could occur in a large number of different systems.
In 1998 Takacs described how Mossbauer Spectroscopy (MS) could be used as a
tool to study powder during milling [57]. Takacs reported that, when Fe3O4 is reduced with
Al or Mg, very little chemical change is observed by either XRD or MS prior to ignition,
and that grain refinement is the only obvious change before ignition. However, when
milling a Sn:S = 1:2.5 powder mixture, MS revealed that there was significant chemical
change in a sample taken immediately before combustion occurred. The exact nature of
this chemical change was not elaborated upon.
Yen et al milled titanium and silicon to form titanium silicides [54]. They reported
that when milling a 5Ti + 3Si powder mixture, after milling for approximately three hours
there was an abrupt reaction to form single-phase Ti5Si3. The reaction corresponded to a
sudden increase in the temperature of the milling vial. Yen et al called this sudden
exothermic reaction a mechanically-induced self-propagating reaction (MSR). They argued
that MSR is analogous to thermally ignited self-propagating high-temperature synthesis
(SHS). Yen et al proposed that the initial milling process results in a reduction in the
crystallite size and an accumulation of crystal defects, which introduces additional energy
to the reactant system and thus, lowers the activation barrier for the reactions. Eventually a
small portion of the reactant powder reacts during milling and the heat liberated by the
exothermic reaction propagates and ignites the unreacted portion until the bulk of the
powder is converted to the product.
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Mulas et al reported that combustion-like reactions during milling could also occur
in systems involving organic compounds [58]. In this work hexachlorobenzene (C6H6) was
milled with calcium hydride (CaH2). The milling energy intensity was varied by using
milling balls of different size and density. Mulas et al reported that, for lower energy
regimes, the reaction between the C6H6 and CaH2 progressed gradually, with the amount of
reactant product increasing gradually as a function of milling time. However, for higher
energy milling, a combustion-like reaction was observed, indicated by a sudden increase in
the temperature of the milling vial.

Mulas et al observed that, for a given starting

C6H6:CaH2 composition, there exists a milling energy threshold above which a selfpropagating reaction occurs.
Puttaswamy et al demonstrated that combustion reactions could also occur in solidgas systems during milling [59]. In this study metal powders were milled in a high pressure
oxygen gas atmosphere using a magneto mill. A magneto mill uses an external magnet to
apply a magnetic field to the milling balls which results in higher energy milling than when
milling without the magnet. By measuring the temperature of the milling vial it was
observed that combustion occurred when milling Ti, Zn and Fe in oxygen gas. When
milling Ti in oxygen, the milling time prior to ignition (tig) was shorter when milling with a
magnet than when milling without a magnet. For Fe in oxygen gas, Puttaswamy et al
reported that combustion would occur when milling with a magnet but when milling
without a magnet, combustion would not take place.
Lee et al investigated the milling of titanium and silicon to form titanium silicides
via MSR [60]. An infrared thermometer was used to measure the temperature of the
milling vial during milling. They examined the effect that premilling the silicon powder
prior to milling it with titanium had on the ignition time (tig) and the milling vial
temperature increase during MSR. Premilling the silicon powder reduced the mean powder
particle size from 19µm to 10µm. Lee et al reported that using premilled silicon powder
significantly reduced the ignition time and also resulted in a greater increase in the
temperature of the milling vial during reaction than when milling with as-received silicon
powder. It was suggested by Lee et al that MSR occurs after the powder reaches a critical
average particle size fine enough to be ignited by the mechanical impact.
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The above investigations demonstrate that mechanically-induced self-propagating
reactions can occur in a wide range of systems involving highly exothermic reactions. This
includes solid-solid and solid-gas systems.

The reactions themselves vary from the

formation of metal carbides from elemental starting powders to the reduction of metal
oxides by a more reactive metal.
A number of the above studies suggest that a minimum milling energy intensity is
required for a mechanically-induced self-propagating reaction (MSR) to occur. Milling at
an energy intensity below this critical level results in the reaction proceeding gradually
rather than via a sudden self-propagating reaction. Both Schaffer and McCormick [47] and
Mulas et al [58] reported that, for the reactions they investigated, the reaction kinetics could
be altered by using milling balls of different masses. Milling with heavier balls resulted in
the reaction taking place via MSR, whilst the same reactions could be caused to proceed
gradually during milling by using lighter balls. Puttaswamy et al found that, when milling
iron in an oxygen atmosphere using a magneto mill, the reaction would occur via MSR
when milling with external magnets but when using a lower milling intensity with no
external magnets, the reaction would proceed gradually [59]. Schaffer and McCormick
also reported that for systems where MSR did occur, the reaction could be made to proceed
gradually by using toluene as a process control agent [53].
Many of the above-mentioned authors concluded that MSR occurred because
milling results in decreased crystallite size and an accumulation of defects, which lowers
the activation energy for the reaction. This process is often referred to as mechanical
activation. Milling therefore brings the powder to a critical precombustion condition,
whereby the reaction can be ignited by the energy of the colliding milling media. The
exothermic reaction then proceeds as a self-propagating reaction. Lee et al suggested that
this critical precombustion condition involved reaching a critical particle size fine enough
to be ignited [60]. This is probably an over-simplification, with the critical precombustion
condition likely to involve much more than simply particle size. Schaffer and McCormick
observed that the ignition temperature of the powder decreases as a function of milling time
[46]. They postulated that MSR occurs when the ignition temperature of the powder is
reduced by mechanical activation to that experienced by the powder trapped between
colliding milling media.
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2.6 Review of the High-Energy Milling of Titanium and Carbon to Form TiC
Liu et al milled titanium and graphite powder mixtures with starting compositions
of Ti100-xCx, where x = 35, 43 and 50, using a SPEX mill [5]. The temperature of the
milling vial was monitored during milling via a thermocouple attached to the bottom of the
milling vial. An abrupt increase in the temperature of the milling vial was observed during
milling for all three compositions. The milling time until the exothermic reaction took
place decreased with decreasing carbon content: 186, 178 and 148 minutes respectively for
Ti50C50, Ti57C43 and Ti65C35. XRD analysis of the Ti50C50 powder sampled shortly after the
abrupt temperature increase revealed that the powder had completely transformed into TiC.
Liu et al concluded that the temperature increase was the result of a sudden exothermic
reaction. For Ti65C35, the temperature increase was lower than that observed for Ti50C50
and less abrupt, indicating a slower reaction rate, and a mixture of TiC and titanium was
formed.

Liu et al proposed that the TiC was formed via a self-propagating high-

temperature synthesis (SHS) reaction.

They suggested that the high shock pressure

experienced by powder trapped between colliding milling balls acts as the ignition of the
reaction.
Ye and Quan milled a Ti50C50 mixture of titanium and graphite powders using a
planetary ball mill [1]. After milling for 5 hours XRD analysis failed to detect graphite
peaks. However, the titanium peaks did not shift, indicating that a Ti(C) solid solution was
not formed. Le and Quan offered two possible explanations for the absence of graphite
peaks:
1. The mass absorption coefficient for CuKα for titanium is much higher than that for
carbon. This would make carbon, in this case in the form of graphite, difficult to
detect by XRD analysis in the presence of titanium.
2. The carbon atoms are located in the many titanium grain boundary regions formed
during milling.
After milling for 10 hours, XRD analysis showed both titanium and TiC peaks,
whilst after milling for 20 hours only TiC peaks were observed. These results indicate that
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the TiC did not form as the result of a sudden exothermic reaction, as in the case of Liu et
al [5], but more likely as the result of a gradual diffusion reaction.
El-Eskandarany et al milled a Ti44C56 mixture of titanium and graphite powders
using a planetary mill with an agate milling vial and agate balls [3]. They reported that
intermediate milling times produced XRD traces with a mixture of titanium and TiC peaks,
whilst after extended milling only broad TiC peaks were detected. These results suggest
that, in this study, the TiC was formed via a gradual reaction during milling, unlike the
abrupt reaction reported by Liu et al [5].
El-Eskandarany [4] also milled titanium with carbon in the ratio Ti44C56, using the
same milling conditions as El-Eskandarany et al [3]. In this work the temperature of the
milling vial was measured via a thermocouple attached to the outside of the milling vial. A
gradual temperature increase was observed at about the same milling time that the
formation of TiC was first observed by XRD analysis. However, whilst Liu et al [5]
observed a sudden brief temperature increase, that observed by El-Eskandarany was
gradual and lasted much longer. For Ti50C50 Liu et al observed a temperature increase after
milling for 186 minutes that only lasted a few minutes whilst for Ti44C56 El-Eskandarany
measured a temperature increase after approximately 170 minutes that lasted over 300
minutes. By comparing the results of these two studies, it appears that TiC can be formed
either gradually or suddenly during milling of titanium and carbon, depending on the
milling conditions.
Schaffer and Forrester milled titanium and graphite in the ratio Ti50C50 [12]. A steel
SPEX mill was used with grinding balls of equal diameter but varying density; so as to
examine the effect of collision energy during high-energy milling. The temperature of the
milling vial was measured with a thermocouple attached to the outside of the vial. Schaffer
and Forrester found that, with low density grinding media (alumina and agate), TiC formed
gradually over time. With more dense grinding media (YTZ, steel and WC-Co), TiC
formed suddenly, in what Schaffer and Forrester described as a combustion reaction. These
results indicate that a minimum milling energy is required for the sudden formation of TiC
during milling. Milling conditions that do not satisfy this minimum milling energy result in
the gradual formation of TiC during milling of titanium and carbon. These results may
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explain why Liu et al [5], who used steel milling balls, observed the formation of TiC via
an abrupt reaction, whilst El-Eskandarany et al [3], who used agate balls, observed that TiC
formed gradually as milling progressed. Ye and Quan [1] did not state what type of milling
balls were used in their investigation.
For low density grinding media, where combustion did not occur, Schaffer and
Forrester found that increasing the ball density resulted in an increase in the rate of
formation of TiC [12]. For high density grinding media, where formation of TiC occurred
via a “combustion reaction”, the milling time required to cause combustion (tig) was found
to be independent of ball density and instead inversely related to the ball to powder weight
ratio (BPR). Schaffer and Forrester observed that tig decreased with increasing BPR, and
that for a given BPR, tig was the same for grinding media of different densities.
Wu et al milled a Ti50C50 mixture of titanium and graphite powders using a
planetary ball mill [15]. They found that TiC was produced via an abrupt combustion
reaction. XRD analysis of the as-milled powder prior to the combustion reaction showed
that as milling progressed the carbon peaks completely disappeared and the titanium peaks
broadened but did not shift. Only TiC peaks were observed after the combustion reaction
took place. Wu et al reported that XPS (x-ray photoelectron spectroscopy) performed on
the as-milled powders indicated that there was an interaction between some of the carbon
and titanium atoms to form a transitional bonded state (Ti…C) prior to the combustion
reaction to form TiC. Wu et al suggested that the disappearance of the carbon XRD peaks
without a shift in the titanium XRD peaks, combined with XPS results revealing an
interaction between some of the carbon and titanium atoms, indicated that milling resulted
in the carbon atoms being located in titanium grain boundaries prior to the combustion
reaction.
Wu et al also conducted differential thermal analysis (DTA) on the unmilled and asmilled powders. They found that the unmilled powder did not react when tested up to
1000°C. However, the as-milled powders showed an exothermic peak that corresponded to
the formation of TiC. The temperature at which this peak occurs is referred to as the
ignition temperature. The ignition temperature decreased with increasing milling time,
decreasing from 848°C after milling for one hour, to 473°C when sampled just prior to the
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reaction to form TiC. Wu et al argued that the decrease in the ignition temperature with
increasing milling time explains why TiC formation occurs suddenly after milling for time
tig.

They suggest that, as milling progresses the ignition temperature of the powder

decreases until at milling time tig, it reaches the temperature experienced by the powder
trapped between colliding milling media and the combustion reaction to form TiC is
initiated.
Xinkun et al milled titanium and carbon powder mixture with a Ti50C50 starting
composition [16]. The temperature of the milling vial was measured during milling using
an infrared thermometer. Xinkun et al reported that an abrupt temperature increase was
measured after milling for 115 minutes. XRD analysis of powder sampled after milling for
120 minutes showed only the presence of TiC. Xinkun et al concluded that the abrupt
increase in the temperature of the milling vial corresponded to the exothermic reaction
between titanium and carbon to form TiC.
Deidda et al milled titanium and carbon powder mixtures in a vibratory mill with a
quartz vial, which allowed the actual temperature reached during the reaction to form TiC
to be directly measured using infrared (IR) thermometers [17]. They observed that TiC was
formed via a sudden combustion-like reaction during milling for a range of starting
compositions.

This sudden reaction was referred to as a mechanically-induced self-

propagating reaction (MSR). Deidda et al reported that the reaction temperature decreased
as the carbon content decreased from Ti50C50 to Ti70C30. The temperature reached during
MSR for Ti50C50 was greater than 2600°C; which was the maximum temperature that could
be measured by the IR thermometer used. For Ti60C40 the maximum reaction temperature
reached was 2500°C, whilst that for Ti70C30 was 1910°C. Deidda et al believed the reaction
temperature decreased in titanium rich compositions because the excess titanium acts as an
inert material and does not contribute to the reaction heat. Deidda et al also reported that
the ignition time (tig) increased as the carbon content increased from Ti70C30 to Ti50C50. No
explanation was offered for this observation. However, it is possible that this increase in tig
is a result of the carbon used in this study being highly graphitic. The lubricating properties
of graphite are well known and so it is possible that graphite would also act as a lubricant
during milling; slowing or hindering the milling processes. This lubricating effect would
increase with increasing carbon content and so the milling processes would progress more
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slowly with higher carbon contents, leading to a longer milling duration before for the
powder reaches the critical state required for MSR to occur.
The above studies indicate that TiC can be produced by milling elemental titanium
and carbon powder mixtures. The TiC can be formed either abruptly via a mechanicallyinduced self-propagating reaction (MSR) or the reaction can progress gradually with the
amount of TiC produced gradually increasing as milling progresses. Which of the two
different reaction kinetics takes place appears to depend on the milling conditions. The
above studies suggest that for MSR to occur, the milling energy must be above some
threshold level. Schaffer and Forrester demonstrated that this threshold milling energy can
be attained by increasing the density, and hence kinetic energy, of the milling balls [12].
The results of Schaffer and Forrester also indicate that if the milling energy is high enough
to form TiC by MSR, then the milling time until MSR occurs (tig) is inversely related to the
ball to powder weight ratio (BPR).
Wu et al argued that the ignition time (tig) is the milling time required to reduce the
ignition temperature (Tig) of the powder to that experienced by the powder trapped between
colliding milling media [15]. At this point the elevated temperature experienced by powder
trapped between colliding milling media is sufficient to ignite a mechanically-induced selfpropagating reaction (MSR) to form TiC.
The works of Liu et al [5] and Deidda et al [17] show that the ratio of Ti:C during
milling effects the kinetics of MSR to form TiC. Changing the starting composition from
Ti50C50 to more titanium rich compositions leads to a decrease in the temperature reached
during MSR to form TiC. This is because the excess titanium acts as an inert material and
does not contribute to the reaction heat [17]. However, both Liu et al and Deidda et al also
observed that milling more titanium rich compositions leads to a reduction in tig. This is
possibly because the carbon used in both studies contained graphite, which acted as a
lubricant during milling; slowing or hindering the milling processes. This lubricating effect
would decrease as the carbon content decreased.
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3. Experimental
3.1 Milling
High-energy milling was performed using a magneto ball mill that consists of a
stainless steel vial, containing a few hardened steel balls, that rotates about the horizontal
plane. The movement of the balls during milling is confined to the vertical plane by the
vial walls and their trajectory is controlled by an external magnetic field [61]. By adjusting
the external magnetic field it is possible to control the type of forces experienced by the
powder during milling; from a lower milling energy shearing mode where predominantly
shearing forces are present to a higher energy impact mode where significant impact forces
are experienced. High-energy milling performed using a magneto ball mill is often referred
to as controlled ball milling.

a)

b)

Figure 3.1: Schematic diagram of the ball motion during milling in: a) shearing mode,
b) impact mode.
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Titanium powder of particle size < 250 µm and minimum purity of 99.9% was
mixed with high purity Aldrich Darco® activated carbon powder of particle size < 150 µm
to give compositions of Ti100-xCx (x = 50, 40, 30).

Preliminary milling trials were

conducted using 20g of powder, which corresponds to a ball to powder weight ratio (BPR)
of approximately 13:1. Subsequent milling trials used 10g of powder, which corresponds
to a BPR of approximately 27:1. To investigate the effect of milling conditions, each
composition was milled in shearing mode, where the powders experience mostly shearing
forces, and in impact mode where significant impact forces are produced via ball-ball and
ball-mill collisions. Milling was performed in a high purity helium atmosphere. Samples
were taken under a helium atmosphere using a glovebag to prevent contamination of the
powders. The external temperature of the milling vial was monitored during milling using
a Thermo-Hunter® Built-In2 infrared thermometer connected to a Hobo® H8 data logger.
The infrared thermometer had a temperature range of 0 to 500°C and a resolution of 1°C.
To ensure an emissivity of approximately 1.0 for the infrared temperature measurement, the
external surface of the milling vial was painted matt black.

3.2 X-Ray Diffraction (XRD)
XRD analysis of the as-milled powders was performed using a Phillips PW1730
diffractometer with a graphite monochromator and Cu Kα radiation. The copper XRD tube
was excited using 40kV and 25mA.

The crystallite size of the milled powders was

estimated using the method of integral breadths as described by Varin et al [62]. To ensure
a more accurate estimation of the crystallite size, each sample was run twice to produce two
sets of XRD data points for each sample. This was found to produce better curve fitting
when analysing the data using the method of integral breadths. The full width at half
maximum (FWHM) values were determined using TRACESTM software developed by
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Diffraction Technology Ltd. (Canberra, Australia). These values were then corrected for
instrument broadening using Warren’s correction [63-65] :

B2 = Bt2 – Bi2

(3.2)

where B is the corrected peak broadening, Bt is the total broadening and Bi is the
instrumental broadening. The instrumental broadening was determined using the strongest
peak from the XRD pattern of a silicon reference sample.

3.3 Differential Thermal Analysis (DTA)
Differential thermal analysis (DTA) was performed using a Perkin Elmer DTA7.
Samples were heated from 200°C to 1200°C at 20°C/minute under a flowing argon
atmosphere. Samples were loaded into the DTA crucible under a helium atmosphere using
a glovebag to minimise contamination of the samples. DTA was performed as soon after
the samples were taken from the mill as was practical to minimise any relaxation or aging
phenomena that may occur.

3.4 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) was carried out using a TA Instruments
DSC Q100. Samples were heated from 50°C to 480°C at 20°C/minute under a flowing
argon atmosphere.
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3.5 Raman Spectroscopy
Raman spectroscopy was performed using a Jobin Yvon HR800 confocal Raman
with a 632.8nm laser.

A filter was used to reduce the laser intensity to prevent

recrystallisation of the samples. It was also observed that examining samples without a
filter in place resulted in a slight ‘bleaching’ of the samples. This was not observed when
using a filter. The Raman spectra were recorded in the range between 200 and 1800cm-1
with an acquisition time of 50 × 5 seconds using a 50× objective. Spectra were taken from
at least 5 different points for the as-milled samples so as to examine the homogeneity of the
powder.
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4. Preliminary Milling Trials
4.1 Introduction
The literature shows that TiC can be produced during the high-energy milling of
elemental titanium and carbon powder mixtures using a variety of different milling devices,
including different types of planetary and shaker mills. However, there are no reports of a
magneto ball mill, similar to that employed in the current investigation, having been used to
synthesise TiC. Milling using a magneto ball mill allows much greater control of the ball
movement during milling and hence control over the type of forces experienced by the
powder.

It has been found that controlled ball milling using a magneto mill is less

energetic than milling using a planetary or shaker mill. This is deduced from the fact that,
when using a magneto mill, generally much longer milling durations are required to
produce the same results as reported for milling using planetary or shaker mills. Therefore,
the first stage of this project was to determine if TiC could be synthesised during the
controlled ball milling of titanium and carbon powder mixtures using a magneto ball mill.

4.2 Experimental
When selecting the carbon starting powder for use in this series of experiments, it
was noted that pure graphite was used as the carbon starting powder in a number of the
studies reported in the literature review. However, pure graphite is also used as a dry
lubricant and could act as a lubricant during milling, which could possibly slow or hinder
the milling process. Therefore, activated carbon was selected as the carbon starting powder
for the current investigation because it would be less likely than pure graphite to act as a
lubricant during milling and also because it is a readily available, inexpensive source of
high purity carbon.
To investigate the effect of milling conditions, controlled milling was performed in
shearing mode, where the powders experience mostly shearing forces, and in the higher
energy impact mode, where significant impact forces are produced via ball-ball and ballmill collisions. Milling trials were conducted using 20g of powder, which corresponds to a
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ball to powder mass ratio (BPR) of approximately 13:1. This powder mass was selected as
it was sufficiently large to allow several samples to be taken during milling without
significantly altering the BPR during the course of the milling trial.
One of the aims of this study was to assess the potential of using high-energy
milling for the in-situ synthesis of Ti-TiC powders for the production of TiC reinforced
titanium matrix composite materials. With this in mind, starting powder mixtures with
compositions of Ti100-xCx (x = 50, 40, 30) were investigated in this study. The Ti-C phase
diagram indicates that TiC phase is stable over a reasonably wide range of compositions
[34]. Ti50C50 corresponds to the stoichiometric composition for TiC, whilst Ti70C30 lies
slightly beyond the lower limit of the TiC phase field, and so should ensure that some
unreacted titanium remains, even if the reaction between titanium and carbon goes to
completion during milling. This range of compositions should allow an examination of the
effect of starting powder composition on the synthesis of TiC during the controlled ball
milling of titanium and carbon powder mixtures.

4.3 Results

4.3.1 XRD Characterisation of Starting Powders
The titanium and activated carbon starting powders were characterised by X-ray
diffractommetry (XRD).

A typical XRD pattern for the as-received titanium starting

powder is shown in Figure 4.1. The peaks in this pattern give an excellent match with the
International Centre for Diffraction Data Powder Diffraction File (PDF) card 05-0682.
Figure 4.2 shows a typical XRD pattern for the activated carbon starting powder. The weak
peak at approximately 26.5° corresponds to the strongest peak in the graphite XRD pattern
given in PDF card 12-0212, indicating that the activated carbon contains a little crystalline
graphite. However, the very broad peak centred around 44° is typical of an amorphous or
mixed amorphous/nanocrystalline structure, suggesting that most of the activated carbon
starting powder displays only limited crystallinity.
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Figure 4.1: XRD pattern for the as-received titanium starting powder.
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Figure 4.2: XRD pattern for the as-received activated carbon starting powder.

34

4.3.2 Shearing Mode
The XRD patterns for Ti50C50, sampled after milling in shearing mode for 48 hours,
144 hours and 240 hours, are shown in Figure 4.3. All three XRD patterns display strong
peaks corresponding to titanium. These titanium peaks broaden slightly after milling for
240 hours. However, there is no measurable shift of these peaks after milling for 240
hours, even for the peaks with high 2θ values, when compared to the peak positions in the
XRD pattern for the titanium starting powder. The graphite XRD peak at approximately
26.5° is still discernable after milling for 48 hours, as is the broad peak at approximately
44° that was observed in the XRD pattern for the activated carbon starting powder.
However, these carbon XRD peaks can no longer be seen after milling for 144 hours.
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Figure 4.3: XRD patterns for Ti50C50, sampled after milling in shearing mode for;
a) 48 hours, b) 144 hours and c) 240 hours.
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Figure 4.4 shows the XRD patterns for Ti60C40, sampled after milling in shearing
mode for 48 hours, 144 hours and 240 hours, whilst those for Ti70C30 are shown in Figure
4.5. Both sets of XRD patterns display only peaks corresponding to titanium. For both
Ti60C40 and Ti70C30, there are no XRD peaks corresponding to the activated carbon starting
powder visible after milling in shearing mode for 48 hours. As was the case for Ti50C50,
Figures 4.4 and 4.5 show that after milling Ti60C40 and Ti70C30 in shearing mode for 240
hours, there is some broadening of the titanium XRD peaks but no noticeable peak shift.
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Figure 4.4: XRD patterns for Ti60C40, sampled after milling in shearing mode for;
a) 48 hours, b) 144 hours and c) 240 hours.
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Figure 4.5: XRD patterns for Ti70C30, sampled after milling in shearing mode for;
a) 48 hours, b) 144 hours and c) 240 hours.

The titanium crystallite size was estimated using the method of integral breadths.
The estimated titanium crystallite sizes for powders sampled after milling in shearing mode
for 240 hours are given below in Table 4.1.

Table 4.1: Titanium crystallite size (nm), estimated using the method of integral
breadths, for titanium and activated carbon powder mixtures milled for 240 hours
in shearing mode.
Composition

Crystallite Size (nm)

Ti50C50
Ti60C40
Ti70C30

73
48
34
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4.3.3 Impact Mode
The XRD patterns for a Ti50C50 powder mixture milled in impact mode are shown
in Figure 4.6. Powder was sampled every 48 hours up to the final milling time of 240
hours. After milling in impact mode for 48 hours, the XRD pattern as shown in Figure
4.6a, displays only peaks corresponding to titanium. There are no peaks visible that
correspond to the activated carbon starting powder. The XRD pattern for Ti50C50 sampled
after 96 hours shows a broadening of the titanium peaks compared to the XRD pattern after
48 hours. The XRD pattern for powder sampled after milling in impact mode for 144
hours, as shown in Figure 4.6c, contains a completely new set of strong XRD peaks. There
are no XRD peaks corresponding to titanium in this pattern. These new XRD peaks give an
excellent match with those on the PDF card for TiC, 02-1179. The XRD patterns for
Ti50C50 sampled after 192 hours and 240 hours show that further milling results in a
broadening of the TiC XRD peaks.
Figure 4.7 shows the XRD patterns for Ti60C40 milled in impact mode. There are
only peaks corresponding to titanium visible in the XRD pattern for Ti60C40 sampled after
milling for 48 hours. After milling for 96 hours in impact mode, the Ti60C40 powder
displays strong peaks corresponding to TiC, as shown in Figure 4.7b. There is also a very
weak peak at a 2θ value of approximately 40° that corresponds to unreacted titanium.
Figure 4.7c shows that this weak titanium peak is no longer discernable after milling for
144 hours and only XRD peaks corresponding to TiC remain. Further milling simply
results in broadening of these TiC XRD peaks.
The XRD patterns for Ti70C30, analysed after milling in impact mode, are shown in
Figure 4.8. As was the case for Ti50C50 and Ti60C40 milled for 48 hours in impact mode, the
XRD pattern for Ti70C30 milled for 48 hours in impact mode shows only peaks
corresponding to titanium. After milling for 96 hours, the XRD pattern for Ti70C30 as
shown in Figure 4.8b, exhibits a broadening of the peaks corresponding to titanium. There
are also new, very weak peaks at 2θ values of approximately 36°, 42° and 61°. These
peaks correspond to the three strongest XRD peaks for TiC. After milling for 144 hours,
the XRD peaks corresponding to TiC have increased in intensity whilst the intensity of the
titanium XRD peaks have decreased, as shown in Figure 4.8c. Milling Ti70C30 for 192
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hours results in a broadening and a decrease in intensity of both the titanium and TiC XRD
peaks and after 240 hours the peaks have become so broad and weak that they are very
difficult to distinguish from the background signal.
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Figure 4.6: XRD patterns for Ti50C50, sampled after milling in impact mode for;
a) 48 hours, b) 96 hours, c) 144 hours, d) 192 hours and e) 240 hours.
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Figure 4.7: XRD patterns for Ti60C40, sampled after milling in impact mode for;
a) 48 hours, b) 96 hours, c) 144 hours, d) 192 hours and e) 240 hours.
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Figure 4.8: XRD patterns for Ti70C30, sampled after milling in impact mode for;
a) 48 hours, b) 96 hours, c) 144 hours, d) 192 hours and e) 240 hours.
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4.4 Discussion
The XRD results shown in Figures 4.3, 4.4 and 4.5 indicate that controlled ball
milling of titanium and activated carbon powder mixtures with compositions of Ti100-xCx (x
= 50, 40, 30) for up to 240 hours in shearing mode, with a BPR of approximately 13:1,
failed to produce TiC. Analysis of the XRD results did show that milling in shearing mode
for 240 hours resulted in a reduction in the size of titanium crystallites. Ti70C30 showed the
greatest titanium crystallite size reduction, with a crystallite size of approximately 34nm
after milling for 240 hours in shearing mode. Ti50C50 showed the least size reduction, with
a final titanium crystallite size of approximately 73nm. Thus, whilst the literature shows
that TiC can be produced by milling elemental mixtures of titanium and carbon when using
planetary and shaker mills, these results show that TiC is not produced after milling for 240
hours when using a magneto ball mill operating in shearing mode with a BPR of
approximately 13:1. It is possible that milling for even longer milling durations may
eventually result in the formation of TiC, however, such milling durations are not practical.
It is thought that TiC was not produced when milling in shearing mode because the milling
energy was too low. That is, the amount of energy transferred to the powder as a result of
collisions between the milling media was not high enough to overcome the activation
energy required for the reaction to form TiC.
When milling the same compositions in the higher energy impact mode, again using
a BPR of approximately 13:1, the XRD results shown in Figures 4.6, 4.7 and 4.8 clearly
show the formation of TiC. For Ti50C50 milled in impact mode, powder sampled after
milling for 96 hours displayed only XRD peaks corresponding to titanium. However, the
XRD pattern for Ti50C50 powder sampled after milling in impact mode for 144 hours
contained only a new set of strong XRD peaks that corresponded to TiC. These results
indicate that the titanium and activated carbon starting powders had completely reacted to
form TiC during the milling interval between 96 hours and 144 hours.
When milling Ti60C40 in impact mode, powder sampled after milling for 48 hours
showed only titanium XRD peaks, whilst the XRD pattern for powder sampled after 96
hours displayed strong peaks corresponding to TiC. This indicates that, for Ti60C40 milled
in impact mode, the titanium and activated carbon starting powders began to react to form
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TiC during the milling interval between 48 hours and 96 hours. The XRD pattern for
Ti60C40 sampled after milling for 96 hours also contained a weak peak corresponding to
unreacted titanium. This peak was no longer discernable after milling for 144 hours, which
suggests that not all of the titanium had reacted to form TiC after milling after 96 hours and
that further milling resulted in the remaining unreacted titanium reacting to form TiC.
The XRD pattern for Ti70C30, sampled after milling for 48 hours, revealed only
peaks corresponding to titanium. After milling for 96 hours, the XRD pattern showed
strong titanium peaks and three very weak peaks that corresponded to TiC, indicating the
presence of a small amount of TiC, whilst most of the titanium remained unreacted. XRD
analysis of Ti70C30 powder sampled after milling for 144 hours showed a decrease in
intensity of the titanium XRD peaks and an increase in intensity of the TiC peaks, which
indicates that during the milling period from 96 hours to 144 hours unreacted titanium has
reacted to form more TiC. Further milling results in significant broadening of both the
titanium and TiC XRD peaks and the XRD pattern for Ti70C30 powder milled in impact
mode for 240 hours suggests that the powder is now a nanocrystalline mixture of TiC and
unreacted titanium.
Whilst milling titanium and activated powder mixtures with a BPR of
approximately 13:1 in shearing mode failed to produce TiC after milling for 240 hours, the
above results clearly show the formation of TiC when milling in impact mode. Impact
mode is a much more energetic mode of milling than shearing mode. When milling in
impact mode, the powder experiences significant impact forces as the falling milling balls
collide with each other and the walls of the milling vial and trap powder in between them.
In shearing mode the powder experiences mainly shearing forces when trapped between the
milling balls as they roll over each other. By changing from the low energy shearing mode
to the higher milling energy impact mode, the amount of energy transferred to the powder
during milling is increased, and is now sufficient to overcome the activation barrier for the
reaction to form TiC.
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The XRD patterns in Figures 4.6a, 4.7a and 4.8a show that, after milling titanium
and activated carbon powder mixtures with compositions of Ti100-xCx (x = 50, 40, 30) in
impact mode for 48 hours, there are strong titanium XRD peaks present but there are no
XRD peaks that correspond to the activated carbon starting powder. For Ti50C50 milled in
shearing mode, there are XRD peaks that correspond to the activated carbon starting
powder present after milling for 48 hours but they too disappear after further milling,
leaving only XRD peaks that correspond to titanium. Some researchers [3, 4, 6] have
interpreted the disappearance of the XRD peaks that correspond to the carbon starting
powder as indicating the formation of a Ti(C) solid solution, despite the Ti-C phase
diagram showing only very limited solid solubility of carbon in titanium [34]. If a Ti(C)
solid solution was formed, the titanium crystal lattice would be expected to expand slightly
to accommodate the carbon atoms. This would result in a shift of the titanium XRD peaks
to lower Bragg angles. However, no such peak shift was observed, which indicates that it
is highly unlikely that the absence of XRD peaks corresponding to the activated carbon
starting powder is due to the formation of a Ti(C) solid solution.

Another possible

explanation for the disappearance of the activated carbon XRD peaks is that the carbon
becomes amorphous as a result of milling. However, the explanation proffered by Ye and
Quan [1] appears more likely. They point out that the mass absorption coefficient for CuKα
for Ti is 208 m2/g whilst that for C is 4.6 m2/g. This would make carbon very difficult to
detect by XRD analysis in the presence of titanium, especially if present in the powder
particles as thin layers sandwiched between layers of titanium, as is the characteristic
layered structure of powder particles during the early stages of milling [23]. It is also
possible that the carbon atoms are located in the many grain boundaries and other defects
produced in the titanium particles during milling, which would also hinder the detection of
carbon by XRD.
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4.5 Conclusions
The XRD results from these preliminary milling trials indicate that controlled ball
milling of titanium and activated carbon powder mixtures in shearing mode for 240 hours,
with a BPR of approximately 13:1, resulted in a reduction of the titanium crystallite size
but failed to produce TiC. Repeating these milling experiments using the higher milling
energy impact mode did result in the formation of TiC. For Ti50C50 and Ti60C40 powder
mixtures milled in impact mode, the XRD results suggest that the powder has completely
reacted to form TiC after milling for 144 hours. Milling Ti70C30 powder mixtures in impact
mode resulted in the formation of a nanocrystalline mixture of TiC and unreacted titanium.
XRD analysis of the powder from all of the above milling trials indicated that the
XRD peaks corresponding to the activated carbon starting powder disappeared during the
early stages of milling, leaving only titanium XRD peaks. The disappearance of the carbon
XRD peaks is thought to be due to the large difference in the mass absorption coefficients
for CuKα for titanium and carbon. This would make carbon difficult to detect by XRD
analysis in the presence of titanium, especially as the powder takes on the structure of
alternate layers of carbon and titanium, which is typical of the early stages of milling.
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5. Infra-Red Thermometry and the Effect of Ball to Powder Weight Ratio
5.1 Introduction
The results of the preliminary milling trials, described in Chapter 4, indicated that
milling titanium and activated carbon powder mixtures in shearing mode for 240 hours did
not lead to the formation TiC.

However, it is possible that repeating these milling

experiments for milling durations longer than 240 hours may eventually result in the
formation of TiC. It was found that TiC was formed when milling in impact mode. The
XRD results suggest that milling durations of up to 144 hours are required to complete the
reaction to form TiC when milling in impact mode. If this process were to be used for
commercial production, such extended milling durations would not be a commercially
viable proposition.

Therefore it is necessary to examine ways in which the milling

parameters can be altered to allow the synthesis of TiC with shorter milling durations.
Schaffer and Forrester reported that, when milling stoichiometric mixtures of
titanium and graphite, increasing the ball to powder weight ratio (BPR) lead to a decrease
in the milling time required for the formation of TiC [12]. The starting powder mass was
therefore reduced from 20g to 10g, so as to investigate whether increasing the BPR had a
similar effect during the controlled ball milling of titanium and activated carbon powder
mixtures.
A number of studies reported that the reaction to form TiC during the high-energy
milling of elemental titanium and carbon powder mixtures was sufficiently exothermic to
produce a significant increase in the temperature of the milling vial [4-6, 12, 14, 16, 17].
The external temperature of the milling vial was therefore monitored using an infrared
thermometer so as to detect any change in temperature that corresponded to the formation
of TiC during the controlled ball milling of titanium and activated carbon powder mixtures.
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5.2 Experimental
As was the case for the preliminary milling trials described in Chapter 4, titanium
and activated carbon powder mixtures with compositions of Ti100-xCx (x = 50, 40, 30) were
milled in both shearing and impact modes. For these new experiments, the starting powder
mass was reduced from the 20g used in the preliminary milling trials to 10g.

This

corresponds to a ball to powder weight ratio (BPR) of approximately 27:1, up from
approximately 13:1 for the preliminary milling trials. The 27:1 BPR was subsequently
used for all of the milling experiments reported in this work, other than the preliminary
milling trials reported in Chapter 4.
The external temperature of the milling vial was monitored during milling using an
infrared thermometer attached to a data logger to record the temperature data. The external
surface of the milling vial was painted matt black to give the correct reflective index for the
infrared thermometer.

5.3 Results

5.3.1 Impact Mode
When milling in impact mode with a BPR of approximately 27:1, an abrupt increase
in the temperature of the milling vial was observed for Ti50C50 and Ti60C40 powder
mixtures.

The milling interval at which this abrupt temperature increase occurred is

referred to as the ignition time, tig.

The average ignition time for Ti50C50 was

approximately 71 hours, whilst that for Ti60C40 was approximately 41 hours. Typical plots
of the milling vial temperature versus milling time for Ti50C50 and Ti60C40 powder mixtures
are shown in Figures 5.1a and 5.1b respectively. The ignition time was repeatable within
±2 hours of the average ignition time. No such temperature increase was detected for
powder mixtures with a Ti70C30 starting composition when milling in impact mode.
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Figure 5.1: Temperature of the milling vial during milling of titanium and activated
carbon in impact mode.

The XRD patterns for Ti50C50 powder mixtures sampled before tig are shown in
Figure 5.2. Figure 5.2a shows the XRD pattern for Ti50C50 after milling in impact mode for
48 hours, whilst the XRD pattern after milling for 66 hours is shown in Figure 5.2b. Both
XRD patterns contain only titanium XRD peaks. The peaks show considerable broadening
after milling in impact mode for 66 hours. The approximate titanium crystallite size,
estimated from these XRD patterns using the method of integral breadths, was 19nm after
milling for 48 hours and 12nm for Ti50C50 powder sampled after milling for 66 hours.
Figure 5.3 shows the XRD patterns for Ti50C50 powder mixtures sampled after tig.
The XRD patterns for Ti50C50 after milling for 82 hours and 96 hours are shown in Figures
5.3a and 5.3b respectively. After milling for 82 hours in impact mode, the Ti50C50 powder
displays strong XRD peaks that correspond to TiC, as shown in Figure 5.3a. There is also a
very weak peak at a 2θ value of approximately 40° that corresponds to unreacted titanium.
Figure 5.3b shows that the titanium XRD peak at approximately 40° is almost impossible to
discern after milling for 96 hours.

The TiC crystallite size was estimated to be

approximately 27nm after milling Ti50C50 for 96 hours.
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Figure 5.2: XRD patterns for Ti50C50, sampled after milling in impact mode for;
a) 48 hours, b) 66 hours.
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Figure 5.3: XRD patterns for Ti50C50, sampled after milling in impact mode for;
a) 82 hours, b) 96 hours.
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Figure 5.4 shows the XRD patterns for Ti60C40 powder mixtures sampled before tig,
with Figure 5.4a showing the XRD pattern after milling for 24 hours and the XRD pattern
for Ti60C40 powder sampled after milling for 36 hours shown in Figure 5.4b. Both of these
XRD patterns display only XRD peaks that correspond to titanium. From these XRD
patterns, the titanium crystallite size was estimated to be approximately 20nm after milling
for 24 hours and 19nm after milling for 36 hours.
The XRD patterns for Ti60C40 powder mixtures sampled after tig are shown in Figure
5.5. Figure 5.5a shows the XRD pattern for Ti60C40 after milling in impact mode for 60
hours, whilst the XRD pattern after milling for 73 hours is shown in Figure 5.5b. After
milling Ti60C40 in impact mode for 60 hours, the XRD pattern contains a strong set of peaks
that correspond to TiC and two weak peaks at approximately 38° and 40° that correspond to
unreacted titanium. After milling for 73 hours, the XRD pattern contains only one very
weak titanium peak at approximately 40° and a strong set of TiC peaks. The TiC crystallite
size for Ti60C40 milled for 73 hours in impact mode was estimated to be approximately
28nm.
The XRD patterns for Ti70C30, after milling for 48 hours and 96 hours in impact
mode, are shown in Figures 5.6a and 5.6b respectively. Both XRD patterns contain a
mixture of peaks corresponding to both TiC and unreacted titanium. After milling for 48
hours in impact mode, the peaks corresponding to TiC are only very weak, whilst after
milling for 96 hours the peaks corresponding to TiC have increased in intensity and those
corresponding to titanium have become weaker. It was not possible to estimate the TiC
crystallite size due to overlapping of the broad titanium and TiC XRD peaks.
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Figure 5.4: XRD patterns for Ti60C40, sampled after milling in impact mode for;
a) 24 hours, b) 36 hours.
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Figure 5.5: XRD patterns for Ti60C40, sampled after milling in impact mode for;
a) 60 hours, b) 73 hours.
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Figure 5.6: XRD patterns for Ti70C30, sampled after milling in impact mode for;
a) 48 hours, b) 96 hours.

5.3.2 Shearing Mode
The XRD patterns for Ti50C50, Ti60C40 and Ti70C30 milled in shearing mode are
shown in Figures 5.7, 5.8 and 5.9 respectively. No abrupt increase in the temperature of the
milling vial was detected when milling these compositions in shearing mode. Figure 5.7b
shows that after milling Ti50C50 in shearing mode for 96 hours, XRD analysis revealed only
peaks that correspond to titanium. After milling was continued until 144 hours, the XRD
pattern for Ti50C50 milled in shearing mode still only displayed peaks corresponding to
titanium, as shown in Figure 5.8c.
When milling Ti60C40 in shearing mode, XRD analysis revealed only peaks
corresponding to titanium after milling for 48 hours. Figure 5.8b shows that after milling in
shearing mode for 96 hours, the XRD pattern contains very weak peaks at 2θ values of
approximately 36° and 42° that correspond to TiC, as well as strong titanium peaks. For
Ti70C30 milled in shearing mode, extremely weak XRD peaks corresponding to TiC were
detected after milling for 48 hours, as shown in Figure 5.9a.
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The XRD peaks

corresponding to TiC became much stronger after milling for 96 hours. However, Figure
5.9b also shows that strong XRD peaks corresponding to unreacted titanium remained after
milling Ti70C30 in shearing mode for 96 hours.
The method of integral breadths was used to estimate the crystallite size of the
titanium phase for all of the XRD patterns shown in Figures 5.7, 5.8 and 5.9. The results
are summarised in Table 5.1.

Table 5.1: Titanium crystallite size (nm), estimated using method of integral breadths,
for Ti50C50, Ti60C40 and Ti70C30 milled in shearing mode.
Milling Duration
(hours)

Ti50C50

Ti60C40

Ti70C30

48
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Figure 5.7: XRD patterns for Ti50C50, sampled after milling in shearing mode for;
a) 48 hours, b) 96 hours, c) 144 hours.
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Figure 5.8: XRD patterns for Ti60C40, sampled after milling in shearing mode for;
a) 48 hours, b) 96 hours.
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Figure 5.9: XRD patterns for Ti70C30, sampled after milling in shearing mode for;
a) 48 hours, b) 96 hours.
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5.4 Discussion

5.4.1 Impact Mode
An abrupt increase in the temperature of the milling vial was detected when milling
Ti50C50 and Ti60C40 powder mixtures in the higher energy impact mode. The milling
interval at which this abrupt temperature increase occurred is referred to as the ignition
time, tig. The XRD patterns for both compositions display only broad peaks corresponding
to titanium before tig; as shown in Figures 5.2 and 5.4. However, Figures 5.3 and 5.5 show
that the XRD patterns for Ti50C50 and Ti60C40 powder sampled after tig contain a strong set
of TiC XRD peaks and a few very weak peaks that correspond to unreacted titanium. This
indicates that after tig, the powder has almost completely transformed into nanocrystalline
TiC.
The fact that no TiC is detected by XRD analysis of powder sampled prior to tig,
combined with the XRD patterns showing that the powder has almost completely
transformed into TiC after tig, suggests that the sudden temperature increase detected during
milling in impact mode, for both Ti50C50 and Ti60C40, is due to the exothermic reaction to
form TiC. The XRD results also suggest that almost the entire reaction to form TiC takes
place during the short period associated with the sudden increase in the temperature of the
milling vial. The abrupt nature of the temperature increase indicates that, for these systems,
the reaction to form TiC is a very rapid one. This type of abrupt exothermic reaction taking
place during milling has been referred to as a mechanically-induced self-propagating
reaction (MSR) [54]. The formation of TiC via a mechanically-induced self-propagating
reaction (MSR), which is also sometimes referred to as a combustion reaction, during the
high-energy milling of elemental titanium and carbon powder mixtures has been reported
by a number of previous studies [5, 12-17, 66].
The XRD patterns for Ti70C30, after milling for 48 hours and 96 hours in impact
mode, as shown in Figure 5.5, both show peaks corresponding to a mixture of TiC and
unreacted titanium. After milling for 48 hours in impact mode, there are only very weak
peaks corresponding to TiC, whilst after milling for 96 hours the peaks corresponding to
TiC have increased in intensity and those corresponding to titanium have become weaker.
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This indicates that, during the milling period from 48 hours to 96 hours, some of the
unreacted titanium has reacted to form more TiC.

These results, combined with the

absence of any sudden increase in the temperature of the milling vial detected during
milling, indicate that when milling Ti70C30 in impact mode, the reaction to form TiC does
not take place via MSR but instead proceeds gradually as milling progresses. This suggests
that for milling conditions that lead to the formation of TiC via MSR, a minimum carbon
content is also required to sustain MSR. For powder mixtures with lower carbon contents
the reaction proceeds gradually to produce a mixture of TiC and unreacted titanium.
One possible explanation for the change in reaction kinetics with the change in
composition is that when milling Ti70C30, the excess of titanium acts as a heat sink. Thus,
when some of the powder begins to react to form TiC, the heat liberated during the
exothermic reaction is dissipated by the excess titanium, which prevents further unreacted
powder from being ignited by the liberated heat, preventing the reaction from becoming
self-propagating.
Another possibility is that the availability of carbon is the rate-limiting factor
preventing the reaction to form TiC from becoming self-propagating when milling Ti70C30.
For this low carbon composition, the excess titanium acts as a physical barrier to the supply
of unreacted carbon to the reaction zone. This prevents unreacted carbon from being
supplied quickly enough to the reaction zone to sustain a self-propagating reaction.
Therefore the reaction to form TiC must proceed gradually so as to allow time for the
carbon to be brought to the reaction zone, either by diffusion processes or by physical
mixing as a result of milling.

5.4.2 Shearing Mode
The XRD results indicate that milling Ti50C50 powder mixtures for 144 hours in
shearing mode does not result in the formation of TiC, with the XRD pattern only showing
titanium XRD peaks after milling for this time. However, when milling Ti60C40 in shearing
mode, very weak XRD peaks corresponding to TiC were detected in powder sampled after
milling for 96 hours. For Ti70C30 powder mixtures, TiC XRD peaks were detected after
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milling for 48 hours in shearing mode. These TiC XRD peaks became much stronger after
milling for 96 hours.
The above XRD results, combined with the absence of a sudden increase in the
temperature of the milling vial, indicate that the TiC produced during the milling of Ti60C40
and Ti70C30 powder mixtures in shearing mode was not formed via MSR but instead formed
gradually as milling progressed. It is possible that further milling of Ti50C50 for longer than
144 hours may eventually result in the formation of TiC via MSR. However, the results for
Ti60C40 and Ti70C30, showing the gradual formation of TiC without any sudden increase in
the temperature of the milling vial suggest that if TiC does form during further milling of
Ti50C50 in shearing mode, it would be via a gradual reaction.
These results support those of Schaffer and Forrester, who demonstrated that when
milling Ti50C50 powder mixtures, the reaction to form TiC could occur either via MSR or
via a gradual reaction, depending on the mass of the milling balls [12]. In their study,
Schaffer and Forrester varied the ball density, whilst keeping the ball diameter and BPR
constant. Heavier milling balls would have a higher kinetic energy and therefore result in
higher energy milling conditions than when milling with lighter milling balls.

They

reported that, for heavier balls, the reaction took place via MSR; whilst for lighter balls, the
reaction to form TiC proceeded gradually as milling progressed. This study has shown that
when milling Ti50C50 and Ti60C40 powder mixtures using a magneto ball mill, TiC is formed
via MSR when milling in impact mode but forms gradually as milling progresses when
milling in the lower energy shearing mode. Therefore, a minimum milling energy is
required for the formation of TiC via MSR when milling elemental titanium and carbon
powder mixtures. Milling systems that do not produce this minimum energy result in the
gradual formation of TiC as milling progresses. Schaffer and Forrester showed that this
minimum milling energy could be achieved by increasing the mass, and hence kinetic
energy, of the milling balls. This study has demonstrated that this minimum milling energy
can also be achieved by using an external magnetic field to control the movement of the
milling balls. This minimum milling energy was not reached when milling in the lower
milling energy shearing mode. However, changing to the higher energy impact mode of
milling did achieve this minimum milling energy and resulted in the formation of TiC via
MSR.
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5.4.3 Effect of Ball to Powder Weight Ratio (BPR)
The preliminary milling trials described in Chapter 4, indicate that TiC was not
produced after milling titanium and activated carbon powder mixtures with a BPR of
approximately 13:1 for 240 hours. However, the results discussed above show that, when
milling in shearing mode with a BPR of approximately 27:1, TiC was detected after milling
Ti60C40 for 96 hours and after milling Ti70C30 for 48 hours. These results suggest that,
when milling in shearing mode, increasing the BPR significantly reduces the milling
duration required for the formation of TiC.
When milling in impact mode with a BPR of approximately 13:1, the XRD results
from Chapter 4 indicate that TiC was first formed after milling for between 96 hours and
144 hours for Ti50C50 and after milling for between 48 hours and 96 hours for Ti60C40.
However, the results of the milling experiments using a BPR of approximately 27:1
indicate that TiC was formed via a mechanically-induced self-propagating reaction after
milling for approximately 71 hours for Ti50C50 and after approximately 41 hours for
Ti60C40. These results indicate that increasing the BPR also reduces the milling duration
required for the formation of TiC when milling titanium and activated carbon powder
mixtures in impact mode. These findings support the work of Schaffer and Forrester who
reported that, when milling stoichiometric mixtures of graphite and titanium, increasing the
BPR reduced the milling duration required for the formation of TiC.
Increasing the BPR has been widely reported to reduce the milling duration required
to achieve a number of different milling results [35]. If the increase in BPR is achieved by
increasing the number of balls, whilst keeping the powder mass constant, then the number
of ball collisions per unit time is increased and so the milling process takes place faster. If,
as in the case of this study, the increase in BPR is achieved by reducing the powder mass,
whilst keeping the number of balls constant, then the same total amount of milling energy
is now applied to a smaller amount of powder, which results in the changes occurring in the
powder as a result of the milling process taking place more rapidly. This can also be
explained by assuming that the amount of powder involved in each ball collision remains
constant as the BPR is varied. Of course, this assumption would not hold for very low
BPRs. Now, given the assumption that the amount of powder involved in each ball
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collision remains constant, when the total powder mass is reduced (and hence the BPR is
increased), the amount of powder involved in each collision as a fraction of the total
powder mass is increased. This would result in a shorter milling duration being required
for the entire powder mass to have been involved in a ball collision, and so the milling
process would take place more quickly as a result of an increase in the BPR. Hence the
shorter milling duration being required for the formation of TiC when the BPR in this
investigation was increased from 13:1 to 27:1.
The estimated titanium crystallite sizes for titanium and activated carbon powder
mixtures milled in shearing mode, as shown in Tables 4.1 and 5.1, clearly show the effect
of changing the BPR. The titanium crystallite sizes for Ti50C50, Ti60C40 and Ti70C30 powder
mixtures milled in shearing mode with a BPR of approximately 13:1 were 73nm, 48nm and
34nm respectively after milling for 240 hours. When milling with a BPR of approximately
27:1, the titanium crystallite sizes were 46nm, 28nm and 29nm respectively after milling
for only 48 hours.

These results demonstrate that, when milling in shearing mode,

increasing the BPR results in a significant increase in the rate of titanium crystallite size
reduction during milling.
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5.5 Conclusions
It was found that when milling Ti50C50 and Ti60C40 powder mixtures in impact mode
with a BPR of approximately 27:1, nanocrystalline TiC was formed via a mechanicallyinduced self-propagating reaction (MSR), indicated by an abrupt increase in the
temperature of the milling vial that corresponded to the formation of TiC. When milling
Ti70C30 in impact mode, the reaction to form TiC proceeded gradually as milling
progressed. It is possible that the reaction does not proceed via MSR when milling Ti70C30
in impact mode either because the excess titanium dissipates the heat of reaction or there is
insufficient carbon to sustain the self-propagating reaction to form TiC.

This result

indicates that, for milling conditions that result in the formation of TiC via MSR, there is
minimum carbon content required to sustain the self-propagating reaction.
No sudden increase in the temperature of the milling vial was detected when milling
Ti50C50, Ti60C40 and Ti70C30 powder mixtures in the lower milling energy shearing mode
and TiC was found to form via a gradual reaction. These results suggest that a minimum
milling energy is required for the formation of TiC via MSR. Systems with a milling
energy below this critical level result in the gradual formation of TiC as milling progresses.
It was also confirmed that increasing the BPR leads to a reduction in the milling
duration required for the formation of TiC. This is an important result, as it provides a
means of reducing the milling time required for the formation of TiC, and so the processing
time could potentially be reduced to a duration that may be commercially viable.
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6. Differential Thermal Analysis (DTA)
6.1 Introduction
The literature suggests that differential thermal analysis (DTA) of the as-milled
powders can potentially provide useful information regarding changes that take place in the
powder during milling in the period before tig in systems where MSR occurs. Schaffer and
McCormick used DTA to examine the reaction between CuO and Fe during high-energy
milling [46, 47]. They reported that, under certain conditions, the powder underwent a
mechanically-induced self-propagating reaction (MSR), which they called a combustion
reaction, after milling for a critical time, tig. They observed that powder sampled prior to tig
combusted during DTA. The temperature required for the onset of combustion during DTA
was termed Tig. Schaffer and McCormick reported that, for milling durations less than tig,
Tig decreased as milling progressed. It was postulated that for systems that exhibit MSR
during milling, the ignition time (tig) is the milling time required for Tig to decrease to a
value equal to the temperature experienced by powder during ball collisions.
Wu et al reported using DTA to examine the reaction to form TiC during the
milling of a Ti50C50 mixture of titanium and graphite powders using a planetary ball mill
[15]. They reported that TiC was produced via a mechanically-induced self-propagating
reaction (MSR). Wu et al found that the unmilled powder did not react during differential
thermal analysis up to 1000°C. However, the as-milled powders showed an exothermic
peak that corresponded to the formation of TiC. The temperature at which this peak occurs
is referred to as the ignition temperature.
decreased with increasing milling time.

They found that the ignition temperature

Wu et al reported that the peak maximum

temperature of the exothermic ignition peak for powder sampled just prior to the reaction to
form TiC was 473°C. Wu et al also suggested that, as milling progresses the ignition
temperature of the powder decreases until at milling time tig, it reaches the temperature
experienced by the powder trapped between colliding milling balls and the combustion
reaction to form TiC is initiated.
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Differential thermal analysis was performed on the as-milled powders produced in
this study in an effort to better understand the reaction to form TiC during the milling of
elemental titanium and carbon powder mixtures.

6.2 Experimental
Differential thermal analysis (DTA) was performed from 200°C to 1200°C at
20°C/minute. The as-milled samples were loaded into the DTA crucible under a helium
atmosphere using a glovebag to minimise contamination of the as-milled powders. DTA
was performed on the as-milled powders as soon after they were sampled as was practical,
to further minimise contamination of the samples and to minimise any relaxation or aging
phenomena that may occur. Each sample was run twice in the DTA. The trace from the
second run was used as a baseline and subtracted from the trace for the first run. The DTA
traces shown in the results section are those produced by subtracting the data from the
second DTA run from that of the first DTA run.
Two different terms are often used to describe the temperature at which a peak
occurs during differential thermal analysis: the peak onset temperature and the peak
maximum temperature. Figure 6.1 shows schematically the difference between the peak
onset temperature (Tonset) and the peak maximum temperature (Tmax).

Heat Flow

Tmax

Tonset

200

400

600

800

1000

1200

Temperature

Figure 6.1: DTA peak onset (Tonset) and peak maximum (Tmax) temperatures.
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6.3 Results
6.3.1 Impact Mode
The DTA traces for Ti50C50 powder sampled after milling in impact mode for 48
hours and 66 hours are shown in Figures 6.2a and 6.2b respectively. Both traces show a
strong exothermic peak that is centred around 500°C. The peak onset and peak maximum
temperatures from each of these DTA traces are given in Table 6.1.
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Figure 6.2: DTA traces for Ti50C50, sampled after milling in impact mode for;
a) 48 hours, b) 66 hours.

Table 6.1: DTA onset and maximum temperatures for Ti50C50, sampled after milling in
impact mode.
Milling Duration (hours)

Tonset

Tmax

48
66

420
400

502
497
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Figure 6.3 shows the DTA traces for Ti60C40 powder sampled after milling in
impact mode for 24 hours and 36 hours. The DTA trace for Ti60C40 after milling in impact
mode for 24 hours, as shown in Figure 6.3a, does not contain any strong DTA peaks. There
is however, a weak broad peak that is centred around 550°C. The onset temperature for
this peak is approximately 415°C. The DTA trace for Ti60C40 after milling for 36 hours, as
shown in Figure 6.3b, does contain a strong exothermic peak. The onset temperature for
this strong exothermic peak is 410°C and the peak maximum temperature is 506°C.
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Figure 6.3: DTA traces for Ti60C40, sampled after milling in impact mode for;
a) 24 hours, b) 36 hours.

64

The DTA trace for Ti70C30, sampled after milling in impact mode for 48 hours, is
shown in Figure 6.4. This DTA trace displays a strong exothermic peak at around 500°C.
The onset temperature for this peak is 400°C and the peak maximum temperature is 476°C.
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Figure 6.4: DTA trace for Ti70C30, sampled after milling in impact mode for
48 hours.
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6.3.2 Shearing Mode
Figure 6.5 shows the DTA traces for Ti50C50 powder sampled after milling in
shearing mode for 48 hours, 96 hours and 144 hours. The DTA trace for Ti50C50 powder
sampled after milling for 48 hours contains an exothermic peak at approximately 800°C,
whilst the traces for powder sampled after milling for 96 hours and 144 hours display much
stronger exothermic peaks at around 500°C. The peak onset and maximum temperatures
for these traces are listed in Table 6.2.
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Figure 6.5: DTA traces for Ti50C50, sampled after milling in shearing mode for;
a) 48 hours, b) 96 hours, c) 144 hours.

Table 6.2: DTA onset and maximum temperatures for Ti50C50, sampled after milling in
shearing mode.
Milling Duration (hours)

Tonset

Tmax

48
96
144

750
425
405

793
510
499
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The DTA traces for Ti60C40 powder sampled after milling in shearing mode for 48
hours and 96 hours are shown in Figures 6.6a and 6.6b respectively. Both traces contain a
strong exothermic peak at approximately 500°C.

The peak onset and maximum

temperatures for both traces are listed in Table 6.3.
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Figure 6.6: DTA traces for Ti60C40, sampled after milling in shearing mode for;
a) 48 hours, b) 96 hours.

Table 6.3: DTA onset and maximum temperatures for Ti60C40, sampled after milling in
shearing mode.
Milling Duration (hours)

Tonset

Tmax

48
96

420
395

510
482
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Figure 6.7 shows the DTA traces for Ti70C30 powder sampled after milling in
shearing mode for 48 hours and 96 hours. Both traces contain a strong exothermic peak
centred around 500°C. Table 6.4 lists the peak onset and maximum temperatures for both
traces.
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Figure 6.7: DTA traces for Ti70C30, sampled after milling in shearing mode for;
a) 48 hours, b) 96 hours.

Table 6.4: DTA onset and maximum temperatures for Ti70C30, sampled after milling in
shearing mode.
Milling Duration (hours)

Tonset

Tmax

48
96

410
390

484
489
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6.4 Discussion
The DTA traces shown in Figure 6.2 are for Ti50C50 powder milled in impact mode
and sampled before tig. Both traces display a strong exothermic peak at approximately
500°C.

XRD analysis of powder taken from DTA runs that were stopped at 400°C

revealed only XRD peaks that corresponded to titanium, whilst the XRD patterns for
powder taken from DTA runs that were stopped at 700°C contained strong TiC peaks.
These results suggest that this strong exothermic DTA peak is due to the reaction to form
TiC.
The same analysis was carried out on other powder samples that exhibited similar
strong exothermic DTA peaks. This also revealed that the XRD patterns of powder from
DTA runs stopped before the strong exothermic peak occurred contained only XRD peaks
that corresponded to titanium. For DTA runs stopped after this exothermic DTA peak was
detected, XRD analysis revealed the presence of strong TiC peaks. These results indicate
that the strong exothermic peak seen in the DTA traces is due to the reaction to form TiC.
Many of the DTA traces also display a weaker exothermic peak at approximately
300°C. For instance, the trace for Ti50C50 milled for 66 hours in impact mode, as shown in
Figure 6.2b. XRD analysis of powder taken from DTA runs that were stopped at 400°C
revealed only XRD peaks that corresponded to titanium, so it is thought that this weaker
exothermic peak is due to grain growth and/or stress relaxation occurring in the as-milled
powder.
For Ti50C50 milled in impact mode, the onset temperature of the strong exothermic
DTA peak decreases from 420°C after milling for 48 hours to 400°C when sampled shortly
before tig. Ti60C40 milled in impact mode had a similar onset temperature, 410°C, when
sampled shortly before tig. The onset temperature of this strong exothermic DTA peak has
been referred to as the ignition temperature, Tig. Both Schaffer and McCormick [46, 47]
and Wu et al [15] argued that MSR occurs when the ignition temperature is reduced to the
maximum temperature experienced by the powder during ball collisions. At this time, tig,
the temperature increase experienced by the powder trapped between colliding milling balls
is sufficient to ignite the reaction, which then proceeds as a self-propagating reaction. This
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is shown schematically in Figure 6.8. If this is the case, then the results suggest that the
maximum temperature experienced by the powder during milling in impact mode is
approximately 400°C. However, the DTA ignition temperature corresponds to the ignition
of the reaction as a result of purely thermal effects during controlled heating in the DTA,
and fails to take into account the mechanical forces and mixing action acting on the powder
during milling, which are likely to play an important role in the ignition of the
mechanically-induced self-propagating reaction. Therefore, the argument put forward by
both Schaffer and McCormick [46, 47] and Wu et al [15], as shown schematically in Figure
6.8, may be a useful model to help understand the phenomenon of MSR, however, it is
most likely an over-simplification of what actually causes MSR to occur during milling.
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Figure 6.8: Change in maximum local milling temperature and DTA ignition
temperature versus milling time, with MSR occurring at tig.
a) Maximum local temperature experienced by powder during milling,
b) DTA ignition temperature.
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Wu et al reported that, when milling Ti50C50 mixtures of titanium and graphite in a
planetary ball mill, the DTA peak maximum temperature of the exothermic ignition peak
for powder sampled just prior to tig was 473°C [15]. In the current work, the DTA peak
maximum temperature for a Ti50C50 mixture of titanium and activated carbon powders
milled in impact mode was approximately 497°C when sampled shortly before tig. It is
interesting to note that the two values are quite similar, despite using different carbon
starting powders and different milling apparatus. There was also a significant difference in
tig for the two different systems, with Wu et al reporting a tig of approximately 19 hours,
whilst this study found that the tig for Ti50C50 milled in impact mode was approximately 71
hours. These DTA results suggest that although different starting powders and milling
apparatus were used, and very different milling durations were required, the powders were
bought to a similar state of mechanical activation shortly before MSR took place.
The DTA traces for the titanium and activated carbon powder mixtures milled in
shearing mode also displayed strong exothermic peaks that corresponded to the formation
of TiC. These DTA results show more clearly that the onset temperature of this exothermic
peak, or ignition temperature, decreases with increasing milling time. For Ti50C50 milled in
shearing mode, the ignition temperature decreases very slowly as milling progresses,
reaching 425°C after milling for 96 hours. The ignition temperature decreases much more
quickly when milling Ti60C40 and Ti70C30 powder mixtures in shearing mode; with both
compositions having a lower ignition temperature after milling for only 48 hours than that
reached by Ti50C50 after milling for 96 hours.
The XRD results described in the previous chapter revealed that Ti60C40 sampled
after milling in shearing mode for 48 hours did not contain TiC, whilst powder sampled
after 96 hours did contain some TiC. The DTA results show that the ignition temperature
was approximately 420°C after milling in shearing mode for 48 hours and approximately
395°C after milling for 96 hours. This shows that the ignition temperature when TiC was
first detected in Ti60C40 powder milled in shearing mode was similar to that for powder
milled in impact mode shortly before tig: approximately 400°C. This was also the case for
Ti70C30 milled in shearing mode, as it had an ignition temperature of 410°C after milling for
48 hours. XRD analysis of this as-milled powder revealed the presence of very weak TiC
XRD peaks after milling for 48 hours. These results suggest that TiC begins to form during
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milling when the powder reaches a mechanically activated state that corresponds to a DTA
ignition temperature of approximately 400°C.
However, despite impact mode and shearing mode both bringing the titanium and
carbon powder mixtures to a mechanically activated state where the DTA ignition
temperature is approximately 400°C, the reaction to form TiC occurs abruptly via MSR
when milling in impact mode, whilst the reaction proceeds gradually as milling progress
when milling in shearing mode. Schaffer and McCormick suggested that the reaction
proceeds gradually, rather than via MSR, in lower energy milling systems because the
maximum temperature reached by the powder during milling is not high enough to ignite
the self-propagating reaction [46, 47].

They suggest that the maximum temperature

experienced by the powder during milling and the DTA ignition temperature for a lower
energy milling system where the reaction proceeds gradually, rather than via MSR, behave
like that shown schematically in Figure 6.9. This suggests, that when milling in shearing
mode, the maximum temperature experienced by the powder during milling is less than
400°C. As discussed earlier, the theory that MSR occurs when the ignition temperature of
the powder is reduced to the maximum temperature experienced by the powder during
milling is probably an over-simplification of the milling process. However, it is a useful
model to help explain the DTA results and the change in reaction kinetics resulting from
the change in milling mode.
The DTA ignition temperature, Tig, would not have any real direct correlation with
the temperature experienced by the powder during milling because Tig is only the product
of controlled heating. During milling, the powder would simultaneously experience sudden
localised heating and strong mechanical forces as a result of ball collisions. The powders
are also repeatedly deformed, fractured and rewelded which results in mixing that is not
replicated during DTA. However, Tig does give an indication of the activation energy
required for the reaction to occur. The DTA results shown here, and in previous milling
studies [15, 46, 47], clearly show that Tig decreases as milling progresses; indicating that
the activation energy required to cause the powders to react decreases as milling progresses.
These results support the theory that during reactive milling, such as the milling of
elemental mixtures of titanium and carbon to form TiC, the early stages of milling result in
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the mechanical activation of the powders, which lowers the activation energy required for
the reaction to take place.
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Figure 6.9: Change in maximum local milling temperature and DTA ignition
temperature versus milling time for a system where MSR does not occur.
a) Maximum local temperature experienced by powder during milling,
b) DTA ignition temperature.
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6.5 Conclusions
Thus, whilst the DTA ignition temperature (Tig) is the product of controlled heating
during DTA and would therefore differ from any real mechanically-induced phenomenon
which may occur during milling as a result of the combination of the mechanical forces,
physical mixing and sudden, brief temperature increases that occur during ball collisions,
Tig may be a useful tool for following the progress of the milling process and for describing
the mechanically activated state of the as-milled powders. This study found that the
ignition temperature of the as-milled powders decreased as milling progressed; indicating
that milling reduces the activation energy required for the reaction to form TiC. The DTA
ignition temperature was found to be approximately 400°C shortly before tig for milling
systems where TiC was formed via MSR and was also approximately 400°C for powder
sampled when TiC was first detected by XRD analysis in milling systems where TiC
formed gradually.

This DTA ignition temperature of approximately 400°C also

corresponds to a DTA peak maximum temperature very similar to that reported by Wu et al
for Ti50C50 powder sampled shortly before tig, when milling titanium and graphite using a
planetary ball mill. These results suggest that differential thermal analysis could be useful
for comparing the progress of the milling process for systems using different milling
conditions and/or different milling apparatus.
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7. Effect of Starting Composition
7.1 Introduction
It was reported in Chapter 4 that the estimated crystallite sizes for Ti50C50, Ti60C40
and Ti70C30 powder mixtures milled in shearing mode for 240 hours, with a BPR of 13:1,
were 73nm, 48nm and 34nm respectively. These results show that Ti70C30 exhibited the
greatest reduction in titanium crystallite size, whilst Ti50C50 showed the least titanium
crystallite size reduction when milled for the same duration under the same milling
conditions. This suggests that increasing the carbon content of the starting powder mixture
slows the rate of titanium crystallite size reduction during milling.
In Chapter 5 it was found that when milling Ti50C50, Ti60C40 and Ti70C30 powder
mixtures in shearing mode, with a BPR of 27:1, Ti50C50 again showed the slowest rate of
titanium crystallite size reduction during milling. These results are further evidence that
increasing the carbon content of the starting powder mixture appears to slow the rate of
titanium crystallite size reduction during milling.
It was also reported in Chapter 5 that when milling in impact mode, the ignition
time, tig, is significantly longer for Ti50C50 than for Ti60C40. Both Deidda et al [17] and Liu
et al [5] reported a similar increase in tig with increasing carbon content when milling
titanium and carbon powder mixtures. These results suggest that increasing the carbon
content of the starting powder mixture increases the milling time required for MSR to occur
by somehow slowing or hindering the milling process.
The XRD results shown in Figures 5.7, 5.8 and 5.9 are further evidence that
increasing the carbon content of the starting powder mixture slows the milling process.
When milling Ti50C50 in shearing mode with a BPR of 27:1, TiC was not detected by XRD
analysis after milling for 144 hours. For Ti60C40 milled in shearing mode, TiC was detected
by XRD analysis after milling for 96 hours but not after milling for 48 hours. TiC was
detected after milling for only 48 hours when milling Ti70C30 in shearing mode. These
results demonstrate that when milling in shearing mode, increasing the carbon content of
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the starting powder mixture results in a longer milling duration before TiC is detected by
XRD analysis.
The DTA onset temperature results, from Chapter 6, for titanium and activated
carbon powder mixtures milled in shearing mode are summarised below in table 7.1. These
results clearly show that Ti50C50 powder mixtures exhibit the slowest rate of reduction of
the DTA onset temperature during milling, whilst it decreases most rapidly for Ti70C30
powder mixtures.
Therefore the results of this study indicate that, when milling titanium and activated
carbon mixtures, increasing the carbon content of the starting powder mixture is linked to
decreases in both the rate of reduction of the titanium crystallite size and the rate of
reduction of the onset temperature for the exothermic DTA peak that corresponds to the
formation of TiC. It has also been found that increasing the carbon content of the starting
powder mixture leads to an increase in the milling duration required for the formation of
TiC. These results suggest that increasing the carbon content somehow slows, or hinders,
the milling process.
It was thought that increasing the carbon content of the starting powder mixture
slowed the milling process because graphite in the activated carbon starting powder acted
as a lubricant during milling. Increasing the carbon content would increase the amount of
graphite and so increase the lubricating effect, and therefore increasingly hinder the milling
process. To test this hypothesis, a Ti60C40 powder mixture, using high purity graphite
instead of activated carbon as the carbon starting powder, was milled in impact mode. If
graphite in the activated carbon was acting as a lubricant during milling, then replacing the
activated carbon with high purity graphite should increase this lubricating effect and
therefore significantly slow the milling process.
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Table 7.1: DTA onset temperature (°C) for Ti50C50, Ti60C40 and Ti70C30 milled in
shearing mode.
Milling Duration
(hours)

Ti50C50

Ti60C40

Ti70C30

48
96
144

750
425
405

420
395

410
390

7.2 Experimental
Milling was performed in impact mode, using the same milling conditions as those
used in the experiments described in Chapter 5. High purity graphite was used as the
carbon starting powder instead of activated carbon and combined with titanium to give a
composition of Ti60C40. The starting powder mass was 10g, which corresponds to a BPR of
approximately 27:1. The powder was milled for 72 hours and the temperature of the
milling vial was monitored during milling using an infrared thermometer attached to a data
logger to record the temperature data.
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7.3 Results
The plot of the milling vial temperature versus milling time for the Ti60C40 titanium
and graphite mixture is shown in Figure 7.1. This plot shows a sudden temperature
increase after milling for approximately 44 hours.
The XRD pattern for the Ti60C40 titanium and graphite mixture, sampled after
milling for 72 hours in impact mode, is shown in Figure 7.2. The XRD pattern contains a
strong set of peaks that correspond to TiC and two weak peaks at approximately 38° and
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Figure 7.1: Temperature of the milling vial during milling of a Ti60C40 titanium and
graphite mixture in impact mode.
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Figure 7.2: XRD pattern for a Ti60C40 titanium and graphite mixture after milling for
72 hours in impact mode.

7.4 Discussion
The XRD results show that the Ti60C40 titanium and graphite mixture has almost
completely transformed into TiC after milling in impact mode for 72 hours. There are also
two very weak XRD peaks that correspond to titanium, which indicate that a little
unreacted titanium still remains. The sudden increase in the temperature of the milling vial
after milling for approximately 44 hours suggests that the TiC was formed via a
mechanically-induced self-propagating reaction (MSR) with an ignition time (tig) of
approximately 44 hours.
The results in Chapter 5 showed that increasing the carbon content from Ti60C40 to
Ti50C50, when milling titanium and activated carbon powder mixtures in impact mode,
resulted in the ignition time, tig, increasing from 41 ±2 hours to 71 ±2 hours. If graphite in
the activated carbon starting powder was acting as a lubricant during milling, and was
responsible for this significant increase in tig as a result of the increased carbon content,
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then it would be expected that replacing the activated carbon starting powder with high
purity graphite would also produce a significant increase in tig.

However, the tig of

approximately 44 hours for the Ti60C40 titanium and graphite mixture is very similar to the
tig of 41 ±2 hours for Ti60C40 titanium and activated carbon powder mixtures milled in
impact mode. This result suggests that the increase in tig as the carbon content is increased
is not due to graphite in the activated carbon starting powder acting as a lubricant during
milling. Therefore, this result also suggests that the slowing of the milling process with
increasing carbon content, indicated by slowing of the rates of reduction of the titanium
crystallite size and DTA onset temperature, can not be the result of graphite in the activated
carbon starting powder acting as a lubricant during milling.
The activated carbon starting powder is much less dense than the titanium starting
powder and it was observed that increasing the carbon content significantly increased the
volume of the starting powder mixture, even though the total powder mass remained the
same. This increase in powder volume would result in a smaller fraction of the total
powder charge being involved in each collision between the balls during milling and so
would have a similar effect to decreasing the ball to powder weight ratio (BPR). This study
found that decreasing the BPR decreased the rate of titanium crystallite size reduction
during milling (see Chapter 5). Schaffer and Forrester reported that when milling a Ti50C50
powder mixture, decreasing the BPR lead to an increase in tig [12]. Thus, increasing the
carbon content of the starting powder mixture increases the volume of powder in the
milling vial and would therefore result in a smaller fraction of the total powder mixture
being involved in each collision between the milling media. This would have a similar
effect to decreasing the ball to powder weight ratio, which has been shown to slow the
milling process.
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7.5 Conclusions
The results of this study show that, for the compositions examined in this study,
increasing the carbon content of the titanium and activated carbon starting powder mixture
results in a slowing of the rates of reduction of the titanium crystallite size and DTA onset
temperature during milling. It was also found that increasing the carbon content increased
the milling duration required for the formation of TiC.

These results suggest that

increasing the carbon content of the starting powder mixture somehow slows, or hinders,
the milling process.
It was found that, for a Ti60C40 powder mixture milled in impact mode, replacing the
activated carbon starting powder with high purity graphite had little effect on the ignition
time. This result demonstrates that the slowing of the milling process with increased
carbon content is not due to graphite in the activated carbon starting powder acting as a
lubricant during milling. Therefore, this slowing of the milling process is most likely due
to the volume of powder in the milling vial increasing as the carbon content is increased;
which results in a smaller fraction of the total powder mixture being involved in each
collision between the milling balls. This would have a similar effect to decreasing the ball
to powder weight ratio, which has been shown to slow the milling process.
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8. Raman Spectroscopy
8.1 Introduction
Monochromatic light can be scattered by molecules and crystal lattices.

This

scattering is the result of collisions between vibrating molecules or atoms and incident
photons. If the collision between an incident photon and a vibrating molecule is elastic,
then the energy of the photon as well as the energy of the molecule does not change as a
result of the collision. Such elastic scattering is called Rayleigh scattering and produces
scattered light with the same wavelength as the incident light.
In the case of an inelastic collision, the energy of both the vibrating molecule and
the photon is altered as a result of the collision. This is known as the Raman effect. The
change in energy of the Raman scattered photon is equal to the difference between two
energy levels of the vibrating molecule. Raman scattering therefore results in scattered
light with a wavelength different to that of the incident light.
Raman spectroscopy is based on the Raman effect. Spectral analysis of the light
produced by the inelastic scattering of monochromatic light by molecules or crystal lattices
provides information about their energy levels. This information can then be used to
determine details of the structure of the molecule or crystal lattice. Raman spectroscopy is
widely used to determine the structure of organic molecules, often in conjunction with
infra-red spectroscopy.
Very little has been reported on the use of Raman spectroscopy to study TiC. The
literature states that stoichiometric TiC has no Raman active vibrational modes and that
Raman scattering in TiC is due to disorder induced by carbon vacancies [67, 68]. Klein et
al [67] produced Raman spectra of TiCx where x = 0.97, 0.90 and 0.80, whilst Amer et al
[68] published a Raman spectrum of TiC0.67. It was decided to characterise the as-milled
powders that were produced by milling in impact mode in this study, using Raman
spectroscopy, to determine if Raman spectroscopy could provide further information that
may lead to a better understanding of the reaction to form TiC during the milling of
elemental mixtures of titanium and carbon.
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8.2 Experimental
The as-milled powders, after milling in impact mode, for which the XRD results are
described in Chapter 5, were characterised using Raman spectroscopy, performed using a
Jobin Yvon HR800 confocal Raman with a 632.8nm laser. The Raman spectra were
recorded in the range between 200 and 1800cm-1 with an acquisition time of 50 × 5
seconds. Spectra were taken from at least 5 different points for each sample, so as to
examine the homogeneity of the powder.

8.3 Results

8.3.1 Raman Spectroscopy of As-Received Ti, C and TiC
Before examining the Raman spectra of the as-milled Ti-C powders, it is worth
noting the Raman spectra of the titanium and activated carbon starting powders, as well as
the spectra for commercially available TiC powder. The high purity titanium starting
powder did not produce a Raman spectrum, indicating that titanium does not have Raman
active vibrational modes, at least for the spectral range examined and the detection limits of
the instrument used in this study. The spectra taken from five different particles of the asreceived activated carbon starting powder are shown in Figure 8.1. The spectra show two
strong peaks at approximately 1320 and 1590 cm-1. These peaks are associated with the
A1g and E2g vibrational modes of graphite [68]. The carbon starting powder was milled for
96 hours in impact mode without titanium, so as to examine the effect of milling on the
activated carbon Raman spectrum. The spectra of the activated carbon powder after milling
for 96 hours are shown in Figure 8.2. The spectra are very similar to those for the asreceived powder. There is no noticeable shift in the peak positions. However, there is
some broadening and a decrease in intensity of the peaks for the milled activated carbon
powder compared to the as-received powder.
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Figure 8.1: Raman spectra of as-received
carbon.

Figure 8.2: Raman spectra of carbon after
milling for 96 hours.

Commercially available TiC was purchased to confirm the Raman spectrum for
TiC. The Raman spectra, taken from seven different particles, of Aldrich® TiC powder
with a purity of 98% are shown in Figure 8.3. These spectra show two broad peaks that
correspond to the graphite peaks in Figures 8.1 and 8.2. This indicates the presence of some
unreacted carbon in the commercial TiC powder.

There are also three peaks at

approximately 260, 420 and 605 cm-1. These peaks are comparable to those reported by
Klein et al and Amer et al [67, 68]. However, their work suggests that both the broad
peaks at approximately 420 and 605 cm-1 are each the product of two separate overlapping
peaks. The spectra for the commercial TiC powder, shown in Figure 8.3, exhibit a range of
different peak intensities and overall have much lower intensities than the peaks in the
spectra of the activated carbon starting powder. A possible explanation for the low peak
intensities is that the bulk of the material may be stoichiometric TiC, which has no Raman
active vibrational modes, and so would not produce a Raman spectrum. It should be noted
that the Raman spectra were taken directly from the as-received powders, without any
mounting or polishing. Thus, whilst every effort was made to select relatively flat areas on
the powder particles, the areas from which the spectra were taken were not perfectly flat,
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nor exactly perpendicular to the incident light. As a result, for different areas examined,
different proportions of the Raman scattered light would have been scattered back towards
the detector, which may partly explain the differences in peak intensities for different
spectra from the same sample.
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Figure 8.3: Raman spectra of commercial TiC powder.

8.3.2 Raman Spectroscopy of As-Milled Ti-C Powders
Figure 8.4 shows the Raman spectra of a Ti50C50 powder mixture after milling in
impact mode for 48 hours. Spectra were taken from a number of different powder particles.
XRD analysis of the same powder revealed only peaks corresponding to titanium. The
Raman spectra show strong graphite peaks at approximately 1320 and 1590 cm-1. The
Raman spectra in Figure 8.4 also show weak peaks at approximately 260, 420 and 605 cm-1
that correspond to TiC. However, the XRD analysis of this sample did not reveal any peaks
corresponding to TiC.

This may be because the TiC particles detected by Raman

spectroscopy are too fine to be detected by XRD analysis, or the volume fraction of TiC is
too small to produce XRD peaks that are discernable above the background signal. The
Raman spectra of Ti50C50 after milling for 48 hours in impact mode also show considerable
variation in the relative intensities of the TiC and carbon peaks. This is probably because
the powder is still quite inhomogeneous at this early stage of milling.
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The Raman spectra for Ti50C50, sampled after milling in impact mode for 66 hours,
are shown in Figure 8.5. XRD analysis of this powder revealed only peaks corresponding
to titanium. However, the Raman spectra display strong peaks corresponding to TiC and
also broad graphite peaks. Compared to the spectra obtained after milling for 48 hours, the
intensity of the TiC peaks relative to the intensity of the graphite peaks has increased
greatly; suggesting an increase in the amount of TiC present in the powder and a reduction
in the amount of unreacted carbon as a result of further milling. These results clearly show
the formation of TiC during the milling of Ti50C50 well before TiC is detected by XRD
analysis.
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Figure 8.5: Raman spectra of Ti50C50
Figure 8.4: Raman spectra of Ti50C50
milled for 48 hours in impact mode.
milled for 66 hours in impact mode.
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The Raman spectra of Ti50C50 powder, sampled after milling in impact mode for 82
hours, are shown in Figure 8.6. XRD analysis of this powder revealed strong peaks
corresponding to TiC and a very weak peak corresponding to a little unreacted titanium.
The Raman spectra show TiC and graphite peaks. The graphite peaks are much broader
and less intense than the graphite peaks in the spectra shown in Figures 8.4 and 8.5. This is
most likely because the XRD results indicate that the bulk of the powder has reacted to
form TiC and therefore contains far less unreacted carbon. Some of the spectra in Figure
8.6 show only very broad, weak peaks. This may indicate that these areas consist mainly of
stoichiometric TiC, which does not produce a Raman spectrum, and only small amounts of
non-stoichiometric TiC and unreacted carbon.
Figure 8.7 shows the effect of further milling on the Raman spectra of the Ti50C50
powder. In this figure are the spectra for Ti50C50 after milling in impact mode for 96 hrs.
By comparing these spectra to those in Figure 8.6, it can be seen that further milling results
in further broadening of the Raman peaks and a reduction in peak intensity, particularly for
the TiC peaks. The change in the Raman spectra with further milling is thought to be due
to the unreacted carbon reacting with the non-stoichiometric TiC to form stoichiometric
TiC as milling continues.

Therefore, because only unreacted carbon and non-

stoichiometric TiC are Raman active, as the reaction progresses during further milling to
produce stoichiometric TiC, which does not produce a Raman spectrum, the intensity of the
Raman peaks decrease with further milling.
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Figure 8.7: Raman spectra of Ti50C50
Figure 8.6: Raman spectra of Ti50C50
milled for 82 hours in impact mode.
milled for 96 hours in impact mode.
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Figures 8.8 and 8.9 show the Raman spectra of Ti60C40 powder mixtures after
milling in impact mode for 24 hours and 36 hours respectively. The ignition time (tig) was
approximately 41 hours when milling Ti60C40 in impact mode. XRD analysis of the
powders referred to in Figures 8.8 and 8.9 revealed only peaks corresponding to titanium.
The Raman spectra of Ti60C40 display peaks corresponding to TiC after milling in impact
mode for only 24 hours. After milling for 36 hours, the intensity of the TiC peaks has
increased whilst the intensity of the graphite peaks has decreased; indicating an increase in
the amount of TiC present and a corresponding decrease in the amount of unreacted carbon.
Both figures show considerable variation in the intensities of the TiC peaks relative to the
graphite peaks; suggesting that the powders are far from homogeneous.
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Figure 8.9: Raman spectra of Ti60C40
Figure 8.8: Raman spectra of Ti60C40
milled for 24 hours in impact mode.
milled for 36 hours in impact mode.
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The Raman spectra shown in Figures 8.10 and 8.11 are of Ti60C40 sampled after tig.
Figure 8.10 shows the spectra of Ti60C40 after milling in impact mode for 60 hours, whilst
Figure 8.11 shows the spectra of Ti60C40 after milling for 73 hours. XRD analysis of both
of these samples revealed strong TiC peaks and a very weak peak corresponding to some
unreacted titanium. The Raman spectra shown in Figures 8.10 and 8.11 both show peaks
corresponding to graphite; indicating that some unreacted carbon still remains. Comparing
the two sets of spectra reveal that both the TiC and graphite peaks weaken with further
milling. The peaks probably reduce in intensity because further milling results in some of
the unreacted carbon reacting with non-stoichiometric TiC to form stoichiometric TiC as
milling progresses.
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Figure 8.11: Raman spectra of Ti60C40
Figure 8.10: Raman spectra of Ti60C40
milled for 60 hours in impact mode.
milled for 73 hours in impact mode.
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The Raman spectra of Ti70C30, after milling in impact mode for 48 hours and 96
hours, are shown in Figures 8.12 and 8.13 respectively. XRD analysis of this powder
revealed peaks corresponding to a mixture of TiC and unreacted titanium. The Raman
spectra show peaks corresponding to TiC and unreacted carbon. The TiC peaks are much
stronger after milling for 96 hours, compared to those after milling for 48 hours, indicating
that the amount of TiC present has increased as milling has progressed. It can also be seen
that some of the spectra display very broad, weak peaks, or virtually no peaks at all. This is
probably because this titanium rich composition contains significant amounts of unreacted
titanium, which does not produce a Raman spectrum in this range. It is interesting to note
the presence of unreacted carbon after extended milling of this titanium rich powder
mixture. This result, coupled with the presence of unreacted carbon in the commercial TiC
powder, suggests that it is very difficult to produce TiC powder completely free of
unreacted carbon.
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Figure 8.13 Raman spectra of Ti70C30
Figure 8.12: Raman spectra of Ti70C30
milled for 48 hours in impact mode.
milled for 96 hours in impact mode.
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8.4 Discussion
When milling titanium and carbon elemental powder mixtures, the XRD peaks
corresponding to graphite disappear after very short milling times, leaving only peaks
corresponding to titanium. Some researchers have interpreted the absence of graphite XRD
peaks as indicating the formation of a Ti(C) solid solution, despite the Ti-C phase diagram
showing only very limited solid solubility of carbon in titanium [3, 4, 6]. Another possible
explanation for the disappearance of the graphite XRD peaks is that the carbon becomes
amorphous as a result of milling.

However, Raman spectroscopy clearly shows the

presence of peaks corresponding to graphite after graphite peaks are no longer detected by
XRD analysis; demonstrating that these explanations must be incorrect for the current
series of experiments, and are most likely incorrect for the results of the previously reported
milling experiments, since the basic mechanisms of reaction are believed to be similar. The
current Raman results support the explanation proffered by Ye and Quan [1]; who point out
that the mass absorption coefficient for CuKα for Ti is 208 m2/g whilst that for C is 4.6
m2/g. This would make graphite very difficult to detect by XRD analysis in the presence of
titanium, especially if present in the powder particles as thin layers sandwiched between
layers of titanium, as is the characteristic layered structure of powder particles during the
early stages of milling [23].
When milling Ti50C50 and Ti60C40 elemental powder mixtures in impact mode, a
sudden increase in the temperature of the milling vial was observed after a milling duration
of tig. XRD analysis of powder sampled before tig revealed only peaks corresponding to
titanium. For powder sampled after tig, XRD analysis revealed strong peaks corresponding
to TiC and a very weak peak corresponding to a small amount of unreacted titanium. These
results suggest that the sudden temperature increase detected during milling in impact
mode, for both Ti50C50 and Ti60C40, is due to the rapid exothermic reaction to form TiC.
This type of abrupt exothermic reaction taking place during milling has been referred to as
a mechanically-induced self-propagating reaction (MSR) [54].
Previous studies of mechanically-induced self-propagating reactions have described
the milling period before tig as simply an incubation or activation period [5, 13, 14, 47, 54,
59, 69].

Milling during this incubation period results in reductions in particle and
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crystallite sizes and intimate mixing of the reactants, which results in an increase in the
reaction interfacial area, combined with an accumulation of defects in the powder particles;
all of which is thought to result in a reduction in the activation barrier for the reaction. It is
thought that no reaction takes place until tig, when ignition occurs, and the reaction then
continues as a self-propagating reaction.
The XRD results for Ti50C50 and Ti60C40 elemental powder mixtures milled in
impact mode, showing only peaks corresponding to titanium before tig and TiC peaks after
tig, suggest that for these systems, TiC is formed via a typical mechanically-induced selfpropagating reaction. However, the Raman results clearly show the formation of TiC well
before tig. The Raman spectra of Ti50C50 sampled after milling for 48 hours show peaks
corresponding to non-stoichiometric TiC, yet the sudden temperature increase is not
observed until after milling for approximately 71 hours. For Ti60C40, tig was approximately
41 hours, whilst Raman spectroscopy reveals peaks corresponding to TiC in powder
sampled after milling for only 24 hours. The fact that XRD analysis failed to detect this
TiC suggests that the TiC formed before tig was too fine and/or represented too small a
volume fraction of the powder samples to be detected by XRD analysis. Given that Raman
spectroscopy clearly shows the formation of non-stoichiometric TiC prior to tig, it is
thought that a significant component of the heat generated at tig may be due to a
combination of rapid grain growth and/or recrystallisation of TiC from pre-existing
crystallites or nuclei. This is contrary to the existing understanding of MSR, which is based
on studies that have used only XRD analysis to characterise as-milled powders [5, 13, 14,
47, 54, 59, 69]. In these studies, no reaction product was detected prior to tig, and the heat
generated at tig was thought to be entirely due to the exothermic reaction to form the new
reaction product. Further work is required to determine whether the formation of reaction
product prior to tig is unique to this system, or if it occurs during milling in other systems
where MSR occurs but has simply gone undetected. If it is found that reaction product is
formed prior to tig in other systems where MSR occurs, then the current understanding of
mechanically-induced self-propagating reactions is flawed, and further work is required to
properly understand the mechanisms of MSR.
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8.5 Conclusions
The above results demonstrate that Raman spectroscopy can be a useful tool for
following the progress of the reaction to form TiC during the milling of titanium and
carbon powders. Raman spectroscopy provided information regarding the progress of the
reaction to form TiC during the milling of titanium and carbon that could not be obtained
by XRD analysis. Firstly, Raman spectroscopy revealed strong peaks corresponding to
graphite during the early stages of milling, after graphite peaks were no longer detected by
XRD analysis. This suggests that the absence of graphite peaks in the XRD patterns is not
due to the formation of a Ti(C) solid-solution nor the amorphisation of the carbon due to
milling but most likely due to the large difference between the mass absorption coefficient
for CuKα for titanium and that for carbon. Therefore, during the early stages of milling the
carbon starting powder is most likely present as thin layers of unreacted carbon sandwiched
between layers of unreacted titanium.
Secondly, Raman spectroscopy detected the formation of TiC well before it was
detected by XRD analysis.

For Ti50C50 and Ti60C40 elemental powder mixtures, the

combined results of external mill temperature monitoring and X-ray diffractommetry
indicated that, after a milling duration of tig, TiC formed rapidly via a mechanically-induced
reaction which resulted in sudden heating of the milling vial.

However, Raman

spectroscopy clearly showed the formation of non-stoichiometric TiC prior to tig. This is a
result not reported in studies that have used only XRD analysis to characterise the as-milled
powders. These results suggest that a significant component of the heat generated at tig
may be due to a combination of rapid grain growth and/or recrystallisation of the TiC
formed prior to tig, rather than the direct formation of TiC. Raman spectroscopy also
indicated that the amounts of both non-stoichiometric TiC and unreacted carbon decreased
with further milling after tig. This suggests that some of the unreacted carbon reacts with
non-stoichiometric TiC to form stoichiometric TiC during further milling.
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9. Effect of Moisture
9.1 Introduction
During early milling experiments, where Ti60C40 titanium and activated carbon
powder mixtures were being milled in impact mode with a BPR of approximately 27:1, it
was observed that moisture adsorbed by the activated carbon starting powder appeared to
alter the results of the milling experiments. This chapter examines the effect of adsorbed
moisture on the formation of TiC during the controlled ball milling of titanium and
activated carbon powder mixtures.

9.2 Experimental
Titanium and activated carbon powder mixtures, with a composition of Ti60C40,
were milled in impact mode. The starting powder mass was 10g, which corresponds to a
ball to powder weight ratio (BPR) of approximately 27:1.

9.3 Results and Discussion
An initial milling trial was performed that involved milling a Ti60C40 titanium and
activated carbon powder mixture in impact mode for 66 hours. The XRD pattern for this
powder, after milling for 66 hours, is shown in Figure 9.1. This XRD pattern contains
strong TiC peaks and weak peaks at approximately 38° and 40° that correspond to
unreacted titanium. These XRD results indicate that after milling for 66 hours, most of the
Ti60C40 powder mixture has reacted to form TiC, with only a small amount of unreacted Ti
remaining.

However, later attempts to repeat these results, using the same milling

conditions and Ti60C40 starting powder composition, failed to produce TiC after milling for
up to 68 hours. Figure 9.2 shows the XRD pattern from one of these subsequent trials, after
milling for 68 hours in impact mode. The XRD pattern contains only peaks corresponding
to titanium, with no TiC peaks discernable.
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Figure 9.1: XRD pattern, from initial trial, for Ti60C40 after milling for 66 hours in
impact mode.
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Figure 9.2: XRD pattern for Ti60C40 after milling for 68 hours in impact mode, using
activated carbon that had been exposed to a humid atmosphere.
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It was noted that the activated carbon used in the initial milling trial had had limited
exposure to the atmosphere. However, the later milling trials in which TiC was not formed
were carried out during summer, which is very humid in Wollongong, and the jar
containing the activated carbon had been regularly opened to the atmosphere whilst
preparing other experiments. The activated carbon used in subsequent milling trials was
dried overnight in a furnace and stored under helium before being charged into the mill.
Figure 9.3 shows the XRD patterns for Ti60C40 powder samples taken from a
milling trial using the dried activated carbon. After milling for 36 hours in impact mode,
the XRD pattern contains only peaks corresponding to titanium, as shown in Figure 9.3a.
However, the XRD pattern after milling for 60 hours, as shown in Figure 9.3b, contains
strong TiC peaks and two weak peaks at approximately 38° and 40° that correspond to
unreacted titanium.
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Figure 9.3: XRD patterns for Ti60C40, milled using dried activated carbon, after milling
in impact mode for: a) 36 hours, b) 60 hours.
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When milling Ti60C40 powder mixtures in impact mode using the dried activated
carbon, the temperature of the milling vial was monitored using an infra-red thermometer.
For these milling trials, a sudden increase in the temperature of the milling vial was
detected after milling for, on average, approximately 41 hours. Figure 9.4 shows the
temperature of the milling vial during the milling experiment referred to in Figure 9.3.
These infra-red thermometry results, combined with the XRD results, suggest that when
milling Ti60C40 powder mixtures in impact mode using the dried activated carbon, TiC is
formed via a mechanically-induced self-propagating reaction (MSR) with an ignition time

Temperature

(tig) of approximately 41 hours.

36 37 38 39 40 41 42 43 44 45 46

Milling Time (hr)

Figure 9.4: Temperature of the milling vial during milling of Ti60C40 using dried
activated carbon.

Differential scanning calorimetry (DSC) analysis was performed on samples of both
the activated carbon that had been exposed to a humid atmosphere and the dried activated
carbon. The DSC traces for both samples, as shown in Figure 9.5, exhibit an endothermic
peak that reaches a maximum at approximately 110°C. This peak is due to the vaporization
of adsorbed water.

The approximate water content was estimated from the heat of

vaporization for each sample, which corresponds to the area under the endothermic DSC
peak. The activated carbon that was exposed to a humid atmosphere had a water content of
approximately 8.9 wt.%, whilst the dried activated carbon had a water content of
97

approximately 2.2 wt.%. These results demonstrate that, whilst the drying process did not
remove all of the adsorbed moisture from the carbon, it did significantly reduce the
moisture content.
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Figure 9.5: DSC traces for activated carbon; a) exposed to a humid atmosphere,
b) after drying.

Thus, an initial milling trial found that after milling a Ti60C40 titanium and activated
carbon powder mixture for 66 hours in impact mode, the powder consisted of TiC and a
small amount of unreacted titanium. However, subsequent attempts to repeat these results,
using activated carbon that had been exposed to a humid atmosphere, failed to produce TiC
after milling for up to 68 hours. The activated carbon was then dried and stored under
helium and the milling trials were repeated using the dried activated carbon. When using
the dried activated carbon, it was found that TiC was formed via a mechanically-induced
self-propagating reaction (MSR) with an ignition time (tig) of approximately 41 hours.
These results indicate that moisture adsorbed by the activated carbon when exposed to the
humid atmosphere prevents, or at least delays, the reaction to form TiC during milling.
One possible explanation is that the adsorbed moisture acts as a lubricant during
milling, which would prevent or delay the formation of TiC when milling with the activated
carbon that had been exposed to a humid atmosphere.

However, estimation of the

crystallite size of the as-milled powder, using the method of integral breadths does not
98

support this hypothesis. The titanium crystallite size was reduced to approximately 20nm
after milling for 38 hours for both trials using the dried activated carbon and trials using the
activated carbon that had been exposed to a humid atmosphere.
Milling produces a greatly increased reaction surface area by reducing the powder
particles to nanometer-sized crystallites and bringing the reactants into intimate contact.
This increased reaction surface area is thought to be one of the necessary preconditions
required for MSR to occur [53]. It is proposed that the moisture adsorbed by the activated
carbon results in the formation of a thin oxide layer on the newly created titanium surfaces
produced during milling. This thin oxide layer would prevent the titanium and carbon from
being brought into intimate contact, and so would act as a barrier to the formation of TiC
during milling. The DSC results show that the drying process employed in this study did
not remove all of the adsorbed moisture from the activated carbon. However, it did reduce
the moisture content to a level that resulted in the formation of TiC via MSR after milling
for approximately 41 hours, whereas before drying TiC was not formed after milling for up
to 68 hours. This is thought to be because the lower moisture content of the dried activated
carbon resulted in a very thin oxide layer that was either broken up during further milling or
allowed the diffusion of the reactants through it, so that titanium and carbon could be
brought into intimate contact, resulting in the formation of TiC. When milling with the
activated carbon that was exposed to a humid atmosphere, the higher moisture content
resulted in the formation of an impermeable oxide layer on the titanium surfaces, which
prevented the formation of TiC.
The formation of titanium oxide contaminants during the high-energy milling of
titanium-rich powder mixtures under an inert atmosphere has been reported previously by
Hunt et al [70]. They reported that although these TiO impurities were detected by neutron
diffraction, they were not detected by x-ray diffraction. Hunt et al believed that the source
of these impurities was either a leak in the milling vial or gases adsorbed on the powders
before introduction into the vial.

In the same work they also demonstrated that

contaminants adsorbed on the starting powders could alter the final product formed during
the high-energy milling of Cu-Ti alloys. When milling starting powders kept under an inert
atmosphere, amorphization was always achieved. However, when using copper starting
powder that had been exposed to the air for a prolonged time, a mixture of intermetallic
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compounds was obtained. If the same copper starting powder was degassed at 550°C then
an amorphous phase was again produced. This work by Hunt et al is consistent with the
proposition that water adsorbed by the activated carbon starting powder results in the
formation of a titanium oxide layer which hinders the formation of TiC during milling
because it confirms that contaminants can result in the formation of titanium oxide during
the high-energy milling of titanium-rich powder mixtures under an inert atmosphere. It
also confirms that this titanium oxide contamination is very difficult to detect using XRD
analysis.
These results suggest that if the high-energy milling of elemental titanium and
carbon powder mixtures is to be used to commercially produce TiC or TiC-Ti powders then
activated carbon is probably not an ideal carbon starting powder due to it’s propensity to
adsorb moisture from the atmosphere. Given that it has been shown in Chapter 7 that using
graphite instead of activated carbon as the carbon starting powder has no significant effect
on the ignition time of the reaction to form TiC during milling, then graphite may be a
better starting powder as it is less likely to adsorb moisture which may prevent the reaction
to form TiC from taking place during milling.
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9.4 Conclusions
It was found that milling a Ti60C40 powder mixture in impact mode, using activated
carbon that had been exposed to a humid atmosphere, failed to produce TiC after milling
for 68 hours. However, repeating these experiments, using activated carbon that had been
dried and stored under helium, resulted in the formation of TiC via a mechanically-induced
self-propagating reaction (MSR), after milling for approximately 41 hours. These results
indicate that moisture adsorbed by the activated carbon when exposed to the humid
atmosphere prevented, or at least delayed, the reaction to form TiC during milling. It is
proposed that the moisture adsorbed by the activated carbon when exposed to the humid
atmosphere results in the formation of an oxide layer on the newly created titanium surfaces
produced during milling. This oxide layer acts as a physical barrier, which prevents the
titanium and carbon from being brought into intimate contact and then reacting to form
TiC.
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10. Planetary Ball Milling
10.1 Introduction
Titanium and activated carbon powder mixtures were milled in a planetary ball mill
in an attempt to shed further light on the effect of moisture on reactivity during milling. It
was demonstrated in Chapter 9 that moisture adsorbed by the activated carbon when
exposed to a humid atmosphere appeared to prevent, or at least delay, the reaction to form
TiC during controlled ball milling using a magneto ball mill. It was decided to mill
titanium and activated carbon powder mixtures, using the activated carbon that had been
exposed to a humid atmosphere, in a planetary mill, which operates at a much higher
intensity than the magneto ball mill used for all of the other milling experiments conducted
in this study, to determine if the moisture also prevented the reaction to form TiC when
milling under these more energetic milling conditions.

10.2 Experimental
Titanium and activated carbon powder mixtures, with a composition of Ti60C40,
were milled in a Fritsch Pulverisette P5 planetary ball mill. The activated carbon starting
powder used was that which had been exposed to a humid atmosphere, as described in the
previous chapter. A starting powder mass of 10g was placed in the mill with 10mm
diameter steel balls that had a total mass of 100g. This corresponds to a ball to powder
weight ratio (BPR) of 10:1. Milling was conducted under a helium atmosphere. XRD
analysis was performed on samples taken after milling for 10, 14, 18, 19, 20 and 50 hours
using a Phillips PW1830 diffractometer with Cu Kα radiation.
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10.3 Results and Discussion
The XRD patterns for the Ti60C40 powder after milling in the planetary ball mill are
shown in Figure 10.1. Figure 10.1a shows that, after milling for 10 hours in the planetary
ball mill, the XRD pattern contains only peaks that correspond to titanium, with no TiC
peaks discernable. The XRD pattern for powder milled for 18 hours, as shown in Figure
10.1c, displays a broadening of the titanium peaks as compared to the XRD pattern
obtained after milling for 10 hours. The XRD pattern after milling for 18 hours also
contains very weak peaks at 2θ values of approximately 36˚ and 42˚ that correspond to TiC.
Analysis of the peak broadening using the method of integral breadths indicates that the
titanium crystallite size was approximately 35nm after milling for 18 hours.
The XRD pattern for Ti60C40 powder milled for 19 hours, shown in Figure 10.1d, is
very different to that for the powder milled for 18 hours. After milling for 19 hours the
XRD pattern contains strong peaks that correspond to TiC and an extremely weak peak at a
2θ value of approximately 40˚ that corresponds to the strongest titanium XRD peak. These
XRD results show that after milling in the planetary ball mill for 18 hours, only a very
small fraction of the powder had reacted to form TiC whilst after milling for 19 hours
almost all of the powder has reacted to form TiC. This indicates that most of the reaction to
form TiC took place during the milling period from 18 hours to 19 hours. Given the
relatively short time in which this reaction took place, the XRD results suggest that the
reaction to form TiC took place via a mechanically-induced self-propagating reaction
(MSR) with an ignition time (tig) somewhere between 18 and 19 hours. However, the
temperature of the milling vial was not monitored during these planetary ball milling
experiments, so it is not known for certain that the reaction took place via MSR.
The XRD patterns given in Figures 10.1e and 10.1f show that milling beyond 19
hours results in a broadening of the TiC XRD peaks, demonstrating that further milling
results in a reduction in the average size of the TiC crystallites. Estimation of the TiC
crystallite size, using the method of integral breadths, confirmed that extended milling did
result in a reduction in the size of the TiC crystallites. The estimated TiC crystallite size
was approximately 90nm after milling for 19 hours and approximately 15nm after milling
for 50 hours.
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Figure 10.1: XRD pattern for Ti60C40 after milling in a planetary ball mill for;
a) 10 hours, b) 14 hours, c) 18 hours, d) 19 hours, e) 20 hours and f) 50 hours.

104

It was reported in Chapter 9 that controlled ball milling in impact mode of a Ti60C40
powder mixture failed to produce TiC after milling for 68 hours when using the activated
carbon starting powder that had been exposed to a humid atmosphere, which is the same
starting powder as used in these planetary ball milling experiments. It was found that
repeating the controlled ball milling experiments using activated carbon starting powder
that had been dried and stored under a helium atmosphere resulted in the formation of TiC
via MSR.

These results indicate that the moisture adsorbed by the activated carbon

exposed to a humid atmosphere prevents, or at least delays, the reaction to form TiC during
controlled ball milling in impact mode. It was proposed that the moisture adsorbed by the
activated carbon starting powder results in the formation of a thin oxide layer on the newly
created titanium surfaces produced during milling, which acts as a barrier to the formation
of TiC.
However, the results of the planetary ball milling experiments, as described above,
demonstrate that TiC can be produced during the planetary ball milling of a Ti60C40 powder
mixture that contains the activated carbon starting powder that was exposed to a humid
atmosphere. These results suggest that the more energetic milling conditions produced
during planetary ball milling are sufficient to negate the deleterious effect of the adsorbed
moisture, which prevented the formation of TiC during controlled ball milling, as described
in Chapter 9.
The formation of TiC during planetary ball milling of Ti60C40 powder mixtures
containing the activated carbon that had been exposed to a humid atmosphere is thought to
be possible because planetary ball milling is sufficiently energetic to break up the oxide
layer that forms as a result of the adsorbed moisture reacting with the newly created
titanium surfaces that are produced during milling. This allows the titanium and carbon to
be bought into intimate contact during planetary ball milling so that they can react to form
TiC. On the other hand, the lower milling energy intensity of controlled ball milling was
not sufficient to break up this oxide layer which, in this case, acted as a barrier to the
formation of TiC. It was therefore necessary to dry the activated carbon starting powder
before TiC could be produced during controlled ball milling using a magneto ball mill.
Drying the activated carbon reduced the amount of adsorbed moisture, and so would have
reduced the thickness of this oxide layer, which either allowed it to be broken up during
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controlled ball milling or allowed the diffusion of the reactants through it, so that titanium
and carbon could be brought into intimate contact, resulting in the formation of TiC.
Thus, milling titanium and activated carbon powder mixtures in a planetary ball mill
resulted in the formation of TiC, despite the fact that the activated carbon starting powder
used in the planetary ball milling experiments contained a high level of adsorbed moisture,
as the result of exposure to a humid atmosphere. This adsorbed moisture prevented, or at
least delayed, the reaction to form TiC during controlled ball milling experiments and TiC
was only formed after the amount of adsorbed moisture in the activated carbon was
substantially reduced by drying it in a furnace. Therefore, the reaction to form TiC during
the milling of elemental titanium and carbon is less sensitive to the presence of adsorbed
moisture during milling in the higher intensity planetary ball mill than during controlled
ball milling in the lower milling energy magneto ball mill.
This suggests that if the milling of titanium and activated carbon powder mixtures is
to be used to commercially produce TiC or TiC-Ti powders then a high milling intensity
may be required to overcome the effect of any moisture that may have been adsorbed by the
activated carbon starting powder. However, if the adsorbed moisture does result in the
formation of an oxide layer on the new titanium surfaces produced during milling, then this
titanium oxide could have a negative effect on the sinterability of the TiC or TiC-Ti
powders and/or on the mechanical properties of any consolidated material made using these
powders. Again, this demonstrates that activated carbon is probably not an ideal carbon
starting powder for use in the high-energy milling of titanium and carbon powders to
produce TiC or TiC-Ti powders due to the propensity of activated carbon to adsorb
moisture from the atmosphere.
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10.4 Conclusions
It was found that milling a Ti60C40 powder mixture in a planetary ball mill, using
activated carbon that had been exposed to a humid atmosphere, resulted in the powder
almost completely transforming into TiC after milling for 19 hours. This demonstrates that
the higher intensity planetary ball mill can overcome the effect of the moisture absorbed by
the activated carbon starting powder, which prevented the reaction to form TiC during
controlled ball milling of the same powder mixtures.

This is thought to be because

planetary ball milling is sufficiently energetic to break up the oxide layer, that forms as a
result of the adsorbed moisture reacting with the newly created titanium surfaces that are
produced during milling, whereas controlled ball milling in impact mode using a magneto
ball mill is not sufficiently energetic. Breaking up this oxide layer allows the titanium and
carbon starting powders to be bought into intimate contact during milling so that the
reaction to form TiC can proceed during planetary ball milling.
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11. Conclusions
This study found that TiC could be produced during the controlled ball milling of
mixtures of titanium and activated carbon. When milling in the higher energy impact
mode, infra-red thermometry detected a sudden increase in the temperature of the milling
vial for starting compositions of Ti50C50 and Ti60C40. The milling time at which this sudden
temperature increase occurs is referred to as the ignition time, tig. The ignition time for
Ti50C50 was 71±2 hours, whilst Ti60C40 had a tig of 41±2 hours. X-ray diffractometry
(XRD) did not detect TiC in powder sampled before tig, whilst strong TiC XRD peaks were
detected in powder sampled after tig. These results indicate that the sudden increase in the
temperature of the milling vial corresponds to the formation of TiC. This suggests that, for
these systems, TiC is formed via a mechanically-induced self-propagating reaction (MSR).
These findings are in agreement with the current understanding of mechanically-induced
self-propagating reactions, whereby the milling period before tig simply results in
mechanical activation of the starting powders and reaction product is not formed until tig,
when the reaction takes place as a sudden exothermic self-propagating reaction, which
causes the abrupt heating of the milling vial.
However, characterisation of the as-milled powders using Raman spectroscopy
indicated that, for Ti50C50 and Ti60C40 powder mixtures milled in impact mode,
nonstoichiometric TiC was formed well before tig. The fact that this TiC was not detected
by X-ray diffractometry suggests that the TiC formed before tig was too fine and/or
represented too small a volume fraction to be detected by XRD. These new Raman results
suggest that a significant component of the heat generated at tig may be due to a
combination of rapid grain growth and/or recrystallisation of the TiC formed prior to tig,
rather than the direct formation of TiC. Further work is required to determine whether the
formation of reaction product prior to tig is unique to this system, or if it occurs during
milling in other systems where MSR occurs but has simply gone undetected.
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No sudden increase in the temperature of the milling vial was detected when milling
Ti70C30 in impact mode and the XRD results suggest that TiC was formed gradually as
milling progressed. It is thought that the reaction to form TiC proceeds gradually when
milling Ti70C30 in impact mode, rather than forming suddenly via MSR, either because the
excess titanium dissipates the heat of reaction or there is insufficient carbon to sustain the
self-propagating reaction to form TiC.
It was found that when milling mixtures of titanium and activated carbon, with
compositions of Ti100-xCx (x = 50, 40, 30), in the lower milling energy shearing mode, the
reaction to form TiC proceeded gradually as milling progressed. This suggests that a
minimum milling energy is required for the formation of TiC via MSR. Systems with a
milling energy below this critical level result in the gradual formation of TiC as milling
progresses.
The results of this study confirmed that increasing the ball to powder weight ratio
(BPR) leads to a reduction in the milling duration required for the formation of TiC. It was
also found that, for the starting powder compositions investigated in this study, increasing
the carbon content of the titanium and activated carbon starting powder mixture results in a
slowing of the milling process. It was thought that this slowing of the milling process may
have been due to graphite in the activated carbon starting powder acting as a lubricant
during milling. However, replacing the activated carbon starting powder with high purity
graphite was found to have no significant effect on the ignition time when milling Ti60C40
in impact mode. Therefore, this slowing of the milling process is most likely due to the
volume of powder in the milling vial increasing as the carbon content is increased. This
would have a similar effect to decreasing the ball to powder weight ratio, which has been
shown to slow the milling process.
It was found during the course of this study that moisture adsorbed by the activated
carbon starting powder can prevent, or at least delay, the reaction to form TiC during
milling. It is thought that the moisture adsorbed by the activated carbon may result in the
formation of an oxide layer on the newly created titanium surfaces produced during milling.
This oxide layer would act as a physical barrier, which would prevent the titanium and
carbon from being brought into intimate contact and then reacting to form TiC.
109

Thus, this study has confirmed that controlled ball milling of elemental mixtures of
titanium and carbon can be used as a synthesis method to produce nanocrystalline TiC
powder.

It was demonstrated that milling titanium rich compositions resulted in the

formation of a nanocrystalline mixture of TiC and unreacted titanium.

Such

nanocrystalline TiC-Ti powders could be used for the production TiC reinforced titanium
matrix composite materials. It was shown that controlled ball milling using a magneto ball
mill allowed the milling conditions to be controlled so that the reaction to form TiC could
be made to take place either gradually or suddenly via MSR, depending on the milling
conditions used. This could be very useful as the gradual formation of TiC would allow
greater control over the final fractions of TiC and unreacted titanium and so the
composition of the TiC-Ti composite material produced from these powders could be
tailored to suit individual applications. It would also be very important to be able to control
the reaction kinetics because having the reaction to form TiC taking place via MSR,
accompanied by the sudden release of a large amount of heat, could be catastrophic on an
industrial scale.
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